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ABSTRACT 
  
  
  
 

TRANSLATIONAL AND COMPUTATIONAL APPROACHES TO UNDERSTANDING AND 

MITIGATING AGE-RELATED CENTRAL NERVOUS SYSTEM DECLINE 

  
  
 

Brain aging is a complex biological phenomenon characterized by the progressive 

dysregulation of multiple biological processes that lead to tissue dysfunction, cognitive decline, 

and neurodegeneration. Although the causes and effects of brain aging have been extensively 

studied, exactly how this multi-faceted process initiates and progresses is incompletely 

understood. Additionally, as brain aging predisposes individuals to multiple neurodegenerative 

diseases, understanding this complex process is an extremely important research priority. The 

studies detailed throughout this dissertation investigate: 1) mechanisms of aging that precede 

and contribute to neurodegeneration; and 2) novel therapeutics aimed at targeting and 

ameliorating brain aging. Guided by my mentoring team, I investigated these topics through 

various experimental models and datasets across three major studies. First, I examined 

transposable element dysregulation in the most active immune cell type in the aging brain 

(microglia). Second, I tested a naturally occurring bioactive compound (apigenin) for its 

protective effects against age-related functional declines, age-related neurodegeneration, and 

Alzheimer’s disease-relevant proteotoxicity while attempting to address the discrepancies in the 

literature regarding the biological mechanisms involved. Conversely, I also investigated fine 

particulate matter from wildfire smoke for its effects on age-related decline. Finally, I examined 

the impact of circulating systemic age-related proteins for their impact on blood-brain-barrier 

integrity. All of these studies focused on either emerging upstream causes of brain aging and 

neurodegeneration or novel therapeutics that could potentially target and mitigate age-related 
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decline and improve resilience to disease. Collectively, this work may serve as a foundation for 

future studies examining mechanisms of brain aging, neurodegeneration, and disease. 
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CHAPTER 1 – INTRODUCTION 
 
 
 

HALLMARKS OF AGING  

Aging is characterized by the progressive dysregulation of multiple biological processes 

simultaneously across many tissues and organs. These biological processes are tightly 

interconnected such that dysfunction in one process frequently accelerates dysfunction in 

others. These “Hallmarks of Aging” include events like genomic instability, epigenetic 

alterations, loss of proteostasis, mitochondrial dysfunction, cellular senescence, chronic 

inflammation, and more (1). Despite being heavily studied and well characterized, the initial 

events that trigger dysfunction in a given hallmark (which then leads to dysfunction in multiple 

other hallmarks simultaneously) are incompletely understood. As these aging hallmarks begin to 

emerge, they increase an individual’s susceptibility to multiple diseases, thus, elucidating the 

initial events that perpetuate the hallmarks of aging an important research goal (2). Additionally, 

because these events lead to increased susceptibility to multiple diseases, interventions 

targeting the initiation of this vicious cycle may lead to single preventative therapeutics that 

attenuate the onset of multiple diseases simultaneously (i.e., the “geroscience hypothesis” (3)). 

 

Hallmarks of Brain Aging 

Although inherently similar to the hallmarks of aging, the hallmarks of brain aging are 

somewhat distinct. Processes like chronic inflammation, mitochondrial dysfunction, and genomic 

instability are shared across both systems. However, brain aging-specific hallmarks also include 

aberrant neuronal signaling activity, oxidative damage, and impaired adaptive stress signaling 

(4). Importantly, the hallmarks of brain aging specifically converge on dysregulated energy 

metabolism. This is a key observation as the brain only makes up about 2% of the body’s mass 

but accounts for roughly 20% of the body’s total energy consumption (5). As the aging brain 
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accumulates cellular damage that induces various stress response pathways, it becomes less 

efficient energetically, and this predisposes individuals to neurodegeneration and multiple 

neurodegenerative diseases (6).  

 

Intersection of Brain Aging and Neurodegenerative Disease 

Importantly, brain aging is the primary risk factor for ischemic events, Parkinson’s 

disease, amyotrophic lateral sclerosis, and all dementias (including Alzheimer’s disease (AD)) 

(7-9). Thus, understanding how fundamental age-associated changes in the brain increase 

susceptibility and contribute to neurodegeneration is an important research goal. Even in 

healthy, “disease-free” aging, genomic instability and impaired proteostasis gradually induce 

cellular stress, dysfunction, and cognitive decline (4,10). Many of these affected age-associated 

pathways are the same exact ones that become heavily altered with neurodegenerative 

disease, including chronic inflammation and aberrant glial cell activation. Interestingly, because 

of this extensive overlap between the cellular dysfunction that occurs during both “healthy 

aging” and neurodegenerative diseases, it is often thought that neurodegeneration may reflect 

accelerated maladaptive aging processes (11). As a result, distinguishing healthy aging from 

pathological aging/disease becomes difficult. Despite the central role of brain aging hallmarks in 

neurodegeneration and disease, the exact events underlying the initiation of these cellular 

dysfunctions remains incompletely understood. 

 

CHRONIC NEUROINFLAMMATION AS A BIDIRECTIONAL HALLMARK OF BRAIN AGING 

One of the most prominent pathological hallmarks of brain aging commonly observed 

across neurodegenerative diseases is chronic inflammation (12). It has become widely 

recognized as a core, unifying hallmark that directly links aging biology to pathology (13). 

Importantly, inflammation has a bidirectional relationship with every other hallmark of aging, 

meaning that inflammation can actively instigate other hallmarks of brain aging, and that the 
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various hallmark of brain aging can also actively drives more inflammation (i.e., cellular 

senescence, mitochondrial dysfunction, etc.) (14). This vicious cycle of chronic 

neuroinflammation inducing central nervous system (CNS)-wide pathological decline and 

exacerbating age-related disease has become an important focus in the field of 

neurodegeneration. As neuroinflammation involves complex inter- and intra-cellular responses 

(15), understanding its origins, mechanisms, and downstream effects may lead to new therapies 

for neurodegenerative disease. Additionally, while many studies on this topic have focused on 

external causes of neuroinflammation (e.g., environmental toxins, viral infections, etc.), 

endogenous mechanisms are historically less characterized.  

 

Microglia as Central Mediators of Chronic Inflammation 

It is well established that neurons are both modulators and targets of chronic 

inflammatory signaling (16), while glia are key mitigators and perpetuators of 

neuroinflammation. Among glia, astrocytes respond to and release a variety of proinflammatory 

factors while directly contacting and supporting neurons (17). Microglia, on the other hand, are 

specialized immune cells with key roles in most brain inflammation-related processes, including 

crosstalk between neurons and astrocytes. Specifically, microglia are the brain’s first line of 

immune defense and secrete both pro- and anti-inflammatory signals (18). These dynamic, 

CNS-resident immune cells perpetually survey the environment while adjusting their 

transcriptome to best support surrounding neurons and glia (19,20). In fact, although microglia 

have been historically classified into two broad categories (homeostatic and activated), recent 

single-cell RNA-seq studies have identified as many as nine different microglial transcriptional 

sub-states (21), suggesting a transcriptional continuum (22,23) that allows microglia to play a 

central role in various aspects of CNS homeostasis including neurogenesis, synaptic pruning, 

and neuroinflammation (24-28). Interestingly, they express a unique, microglia-specific array of 

genes that aid in sensing and reacting to their immediate microenvironment (29). In aging and 
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disease, the microenvironment surrounding microglia becomes complex and pathologically 

remodels the cells’ chromatin landscape, leading to epigenetic and transcriptional changes that 

drive pathology-associated substates (22,30,31), with growing evidence suggesting that 

microglial transcriptional patterns reflect various stages of disease progression and pathology 

(32,33). Despite the role of microglia in reacting to their immediate microenvironment and 

perpetuating neuroinflammation in brain aging and neurodegenerative disease (34-39), the 

initial events that underlie chronic microglial pro-inflammatory signaling in aging and disease 

remain poorly understood. 

 

UPSTREAM MECHANISMS OF CHRONIC INFLAMMATION WITH AGING AND DISEASE 

In both aging and disease, pro-inflammatory pathways become chronically activated and 

contribute to age- and disease-related cognitive dysfunction and pathology (40). This idea of 

inflammaging has been a central topic to the field of longevity and age-related disease research, 

with significant effort involved to elucidate the underlying signaling cascades (13,41). Despite 

being heavily studied with multiple interconnected pathways like TLR (42), NF-kB (43), MAPK 

(44), JAK/STAT (45), and NLR (46) signaling being well characterized, exactly how these acute 

protective inflammatory signaling pathways shift into a chronic pathological state is largely 

unknown. These pathways are generally activated by pathogen- and damage-associated 

signals, including viral infection, environmental toxins, cellular stress, and inflammatory 

cytokines, where they coordinate protective immune responses and tissue repair, suggesting 

multiple potential initiation events. External causes like viruses (47) and environmental toxins 

(48) are one potential cause, while endogenous changes resulting from cellular stressors like 

mitochondrial dysfunction, impaired proteostasis, cellular senescence, epigenetic alterations, 

telomere attrition, and DNA damage are also potential causes (1). Still, as humans are 

incredibly heterogeneous, the earliest and most common initiators across aging and disease are 

largely debated and highly dependent on the individuals being studied (13,49). In this 
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dissertation I examine multiple novel potential initiators of chronic inflammation including 

transposable element (TE) transcript accumulation (50), blood brain barrier (BBB) dysfunction 

(51), and fine particulate matter exposure from wildfire smoke (WFS) (52). 

  

Cell-Intrinsic Mechanisms of Neuroinflammation: Transposable Elements 

As described above, there are multiple intracellular processes that initiate and 

perpetuate inflammatory signaling cascades in aging and disease. Among these, one potentially 

novel and endogenous initiator of chronic neuroinflammation involves TE transcripts, which 

increase with aging (53), contribute to age-related diseases (41,54,55), and are thought to play 

a key role in inflammatory signaling (56,57). TEs make up roughly 50% of the human genome 

and play key roles in fundamental cellular processes like gene expression, transcription, cell 

signaling, and chromatin remodeling (54,56,58). They are typically epigenetically repressed, but 

aging has been associated with the de-repression and aberrant transcriptional activity of TEs. 

The underlying mechanisms of TE-associated inflammation are incompletely understood, but 

the leading hypothesis linking TEs and inflammation involves TE transcript-derived double-

stranded RNA (dsRNA) and complementary DNA (cDNA) (59). Typically associated with viral 

infections, dsRNA and cDNA activate innate immune sensors like protein kinase R and cyclic 

GMP-AMP synthase which results in upregulated pro-inflammatory signaling (60,61). This TE-

associated inflammatory signaling occurring in even a single CNS cell type could explain the 

origins of chronic neuroinflammation in aging and disease. For example, TE-activated microglia 

could induce reactive astrocytes (62), stimulate (or fail to clear) amyloid beta accumulation (63), 

modulate neuronal function (64), and induce neuronal apoptosis (65). Resulting inflamed and/or 

dying neurons and reactive astrocytes would further increase inflammatory signaling and 

perpetuate chronic inflammation across the CNS. Importantly, aged and AD brains display 

increased TE transcript expression (53,66), and these increases in TE transcript levels have 

been shown to correlate with increased inflammation and declines in cognitive function in 
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humans (67). Still, whether this TE-associated inflammation is a primary contributor to chronic 

neuroinflammation initiation or just a minor factor has not been thoroughly investigated. 

 

Cell Non-Autonomous Mechanisms of Neuroinflammation: Blood-Brain-Barrier Dysfunction  

In addition to cell-intrinsic mechanisms of neuroinflammation, complex non-autonomous 

intercellular mechanisms of neuroinflammation could also initiate the chronic inflammatory 

signaling seen in aging and AD. In particular, one likely candidate for this initiation involves the 

BBB, a specialized multicellular system, composed primarily of microvascular endothelial cells, 

astrocytes, and pericytes. The primary function of the BBB is to tightly regulate the transport of 

nutrients and metabolites into the CNS while limiting access of potentially harmful substances 

(68). Functional alterations in this barrier (i.e., increased permeability and decreased integrity) 

are most frequently due to structural changes caused by modifications in tight junction 

expression/distribution, transport system efficiency, and/or the disruption of the basement 

membrane (69). Proper function of the BBB requires multiple cell types to work synergistically, 

and problems with even a single cell type can dysregulate the BBB and contribute to age- and 

disease-associated pathology (70). Interestingly, BBB dysfunction is increasingly recognized as 

an early/upstream event in aging, mild cognitive impairment, and neurodegenerative disease 

(71). In fact, certain neurodegenerative diseases like multiple sclerosis, Parkinson’s disease, 

and AD are increasingly linked to early BBB dysfunction and ischemic events (72,73). Microglia 

are not classically considered to be part of the BBB neurovascular unit, but recent studies in 

rodents estimate about 15% of the BBB endothelial cell surface is covered by microglia (74). 

Microglia are known to be highly sensitive to circulating blood factors which cause them to 

secrete cytokines and inflammatory signals that directly modulate BBB integrity and frequently 

induce further BBB dysfunction (75,76). These events increase crosstalk between the CNS and 

the periphery, causing an influx of systemic inflammation and recruitment of systemic immune 

cells that further induce inflammatory signaling in glia (77). This vicious cycle of inflammation 
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inducing BBB dysfunction causing further increases CNS inflammation is well established, but 

the exact events initiating BBB dysfunction in aging and disease are less characterized.  

 

Exogenous Contributors to Neuroinflammation: Fine Particulate Matter and Wildfire Smoke 

While endogenous mechanisms of inflammation are likely candidates for chronic 

neuroinflammation initiation, extrinsic environmental factors are also important to consider. Air 

pollution is composed of a complex combination of gases and particulate matter. Specifically, 

particles with an aerodynamic diameter smaller than 2.5 μm (PM2.5) have been associated with 

multiple age-related diseases (78-80), and premature mortality in the general population (81, 

82). PM2.5 comes from a wide array of sources including wildfire smoke, vehicles (from both 

exhaust and brakes), industrial manufacturing, and fuel combustion, and has been shown to 

infiltrate the CNS to induce brain damage (83,84). PM2.5 from wildfire smoke alone is estimated 

to be associated with 339,000 deaths annually, but this number is expected to rise substantially 

as the frequency of wildfires increases due to climate change (85,86). It has been suggested 

that PM2.5 may negatively interact with the biological hallmarks of aging and potentially 

accelerate the aging process (52), with recent reports identifying PM2.5 from WFS exposure as a 

significant risk factor for dementia (87). PM2.5 has been specifically shown to interact with 

microglia (88), yet exactly how PM2.5 CNS toxicity intersects with age-related decline, 

neuroinflammation, and neurodegenerative disease is less characterized.  

 

NOVEL INTERVENTIONS AGAINST AGING & NEURODEGENERATION  

The neuropathology of aging and neurodegeneration has been thoroughly investigated, 

yet no effective treatments exist. The pathological progression of the hallmarks of aging is 

constantly under investigation and proteinopathies associated with classic neurodegenerative 

diseases have been studied even longer (89,90). Still, attenuating these pathologies (let alone 

reversing them) has proven to be extremely challenging. Consequently, researchers have been 
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trying to find new approaches to combat age-related neurological declines and their associated 

hallmarks. Current promising avenues of therapeutic research include immunotherapies, 

repurposed pharmaceuticals, nanotechnologies, and phytochemicals—naturally occurring 

bioactive dietary compounds with pharmaceutical-like effects (91-93). However, because of 

model limitations, progress translating promising therapeutics from lower order organisms (e.g., 

mice, C. elegans, drosophila) to humans has been poor. In fact, roughly 90% of promising 

therapeutic interventions discovered in a laboratory setting have failed to translate into effective 

human treatments (94). As a result, there is currently a wave of research focusing on new ways 

to treat complex age-related diseases ranging from finding new models (e.g., The Dog Aging 

Project (95)) to combining multiple therapeutics into polypharmacies in which single 

pharmaceuticals are being used in combination or in conjunction with other promising avenues 

like phytochemicals and exercise. In light of this, I investigated two main interventions 

throughout my dissertation that attenuate age-related pathology, the phytochemical apigenin 

and exercise. 

 

Naturally Occurring Bioactive Compounds     

Plants, vegetables, and fruits contain a plethora of compounds that have been shown to 

elicit therapeutic effects. When extracted and delivered at a concentrated therapeutic dose, 

these compounds have been shown to have a wide array of potential benefits including 

antioxidant function, anti-inflammatory activity, antimicrobial action, and more (96). Not to be 

confused with vitamins, which are essential for the survival of our body despite not being 

endogenously produced, bioactive compounds like phytochemicals are non-essential for 

survival, yet have beneficial cellular effects that target age- and disease related biological 

processes when consumed (97). For example, resveratrol, curcumin, citicoline, sulforaphane, 

fisetin, luteolin, and apigenin are all naturally occurring non-vitamin compounds that have been 

shown to elicit therapeutic effects, including some showing neuroprotective effects (98-104). 
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These compounds vary significantly in their chemical composition as certain polyphenols, 

alkaloids, fatty acids, and terpenoids have been shown to have beneficial effects (96). Given 

this, and the fact that there remain no treatments capable of preventing or reversing brain aging 

and neurodegeneration (105-109), defining mechanisms by which novel bioactive compounds 

may act is an important research priority. 

 

Exercise 

 Studies have repeatedly demonstrated a strong relationship between physical 

function/capacity and cognitive decline. Common measurements of physical function related to 

cognition include muscle mass (110), grip strength (111), and walking speed (112), all of which 

are improved by regular exercise. Interestingly, when impairments in both gait and grip strength 

are present, dementia risk has been reported to increase by over 50% (112). Thus, not 

surprisingly, there is a well-established link between lack of physical activity, poor physical 

outcomes, and cognitive decline (113). Physical activity promotes cerebral blood flow (114), 

neurogenesis (115), and synaptic plasticity (116), all of which support cognitive function. 

Additionally, consistent exercise increases the chance of an individual maintaining mobility into 

old age, which allows for extended exposure to the unique array of neuroprotective effects 

exercise offers. As mentioned above, aging and the majority of neurodegenerative disease are 

multi-faceted, thus therapeutics with single targets have shown to be less than effective. 

Instead, interventions like exercise that target multiple systems and biological pathways 

simultaneously have proven to be much more effective. In fact, many of the classic therapeutic 

compounds that have proven to be particularly effective against aging and age-related disease 

(i.e., metformin (117), resveratrol (118), etc.) fall into the category of “exercise mimetics”, 

meaning that the biological pathways these compounds affect show significant overlap with 

those modulated by exercise (119). Given the highly interconnected nature of the hallmarks of 

brain aging and their intersection with neurodegeneration, interventions capable of 
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simultaneously modulating multiple biological aging pathways may offer the greatest therapeutic 

potential. Thus, defining how interventions like exercise and bioactive compounds influence 

chronic neuroinflammation and age-associated dysfunction is an important area of ongoing 

research. 

 

SUMMARY AND CONCLUSION 

Together, the observations detailed above suggest that the initiation of age-related 

neuroinflammation plays a significant role in the development of neurodegenerative disease. 

However, as it remains uncertain exactly how this chronic inflammatory signaling cascade 

initiates, further characterization of events that drive neuroinflammation is an important research 

priority. Similarly, given that inflammation is highly interconnected with the other hallmarks of 

aging, and that humans are incredibly heterogenous, the initiation of these events likely varies 

among individuals, making studies that examine multiple facets of aging simultaneously (as well 

as therapeutics that go beyond the “single target paradigm”) an absolute necessity to increase 

progress in this field. Towards this end, my dissertation work examines multiple novel causes of 

chronic neuroinflammation (including TE transcript accumulation, BBB dysfunction, and PM2.5 

from WFS) as well as promising therapeutics (the phytochemical apigenin and exercise) aimed 

at attenuating these processes. 
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CHAPTER 2 –- DISTINCT TRANSPOSABLE ELEMENT TRANSCRIPT PATTERNS IN 
MICROGLIA ACROSS AGING AND ALZHEIMER’S DISEASE1 

 

 

 

INTRODUCTION 

Aging is the primary risk factor for most neurodegenerative diseases, including 

Alzheimer’s disease (AD) (1). As such, understanding the age-associated cellular and molecular 

processes that contribute to AD is an important research priority. Although the underlying 

mechanisms of brain aging and neurodegeneration overlap (2,3), neurodegenerative diseases 

(including AD) involve cell type-specific transcriptional changes (4–6) that lead to intercellular 

signaling cascades that drive disease progression (7–10). Notably, these events may be 

particularly relevant in microglia, the brain’s primary immune cells. Microglia are particularly 

transcriptionally diverse, exhibiting multiple transcriptional sub-states in brain aging and AD (11–

14), and recent studies suggest that changes in microglial transcriptional plasticity may play a 

central role in aging/AD (4,15–18). However, one possible consequence of microglial 

transcriptome changes that has not been comprehensively investigated involves aberrant 

expression of transposable element (TE) transcripts, which are increasingly implicated in brain 

aging and AD (19).  

TEs are repetitive genomic sequences derived from ancient mobile genetic elements that make 

up >50% of the human genome (20). Until recently, they were often overlooked in transcriptome 

studies, in part due to their repetitive nature, which complicates bioinformatics analyses (19). 

However, growing evidence shows that TEs play important roles in cellular processes like gene 

expression, transcription, cell signaling, chromatin remodeling, and even neuroinflammation 

(21–24), a key hallmark of brain aging and AD. Additionally, TEs are reported to be involved in 

multiple neurodegenerative diseases including amyotrophic lateral sclerosis (25), Huntington’s 

disease (26), Parkinson’s disease (21), and AD (27–30). Importantly, TEs are normally 

epigenetically silenced, but our lab and others have shown that aging is associated with 
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increased TE transcript levels in human peripheral (31) and brain (32) tissue, and that AD and 

AD-related pathological proteins (i.e., tau) exacerbate these increases (28,29,32–35). Our 

reports and others’ also suggest that TE transcript accumulation contributes to age- and 

disease-associated inflammation, and that pharmacologically targeting TEs may be a viable 

therapeutic strategy (36–39). Interestingly, these age- and disease-associated TE transcript 

increases are thought to arise from epigenetic alterations and, perhaps, reduced transcript 

degradation via autophagy (38,42–44), processes that are highly dynamic in microglia (42–45). 

Still, despite these observations and the central role of microglia in neuroinflammation and the 

pathophysiology of aging/AD, microglial TE dynamics in these contexts remain largely 

unexplored.  

To provide initial insight into TE dynamics in microglia across aging and AD, in the 

present study we analyzed TE transcript expression in multiple RNA-seq datasets on isolated 

post-mortem human microglia. We found unexpected changes in TE transcript expression 

patterns, including minimal age-related increases until late life and only modest changes in AD 

(as opposed to the progressive age-related increases and AD-related exacerbation of TEs 

observed in whole-brain samples (19,32,39)). Subsequent analyses of these datasets and 

others on transgenic mouse models suggested these effects may be associated with AD 

pathology (i.e., tau and amyloid beta [Aβ]), and with differences in autophagy/RNA degradation 

machinery gene expression. Follow-up, preliminary in vitro experiments also suggested that 

aging- and AD-relevant stimuli, as well as pharmacological modulation of autophagy/lysosomal 

pathways, may alter TE transcript levels in human microglia. Together, our results provide new 

insight into TE dynamics in the most active immune cell type within the aging/AD brain, as well 

as a basis for future studies on cellular TE regulation in general. 

 

METHODS 
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RNA-seq Datasets and Availability 

All RNA-seq data used in this manuscript were generated in previously published studies 

and are available on the Gene Expression Omnibus (GEO). Datasets included: No Cognitive 

Impairment (NCI) Dataset 1: human microglia isolated from cognitively normal individuals during 

full body autopsy (total RNA, GSE99074 (46)), AD Dataset 2: human microglia isolated from AD 

patients and cognitively normal age-matched controls during autopsy (total RNA, GSE146639 

(47)), AD Dataset 3: human microglia isolated from frozen samples of AD patients and 

cognitively normal age-matched controls (total RNA, GSE125050 (48)), Mouse Dataset 1: 

microglia isolated from WT mice across lifespan (total RNA, GSE131869 (49)), Mouse Dataset 

2: microglia isolated from rTg4510 mice (total RNA, GSE123467 (50)), Mouse Dataset 3: 

microglia isolated from APP/PS1 mice (total RNA, GSE205569 (51)). 

 

RNA-seq/TE Analyses  

For analyses of TE transcript patterns in microglia with aging and AD pathology, human 

and mouse TE/transcriptome data were generated from previously published, publicly available 

RNA-seq datasets of isolated microglia (described above). Secondary analyses of these 

datasets were performed as recently reported (31,32,39,52). Briefly, reads were trimmed and 

filtered with the fastp program (53) then mapped to the mouse (mm10) or human (hg38) 

genome with the STAR aligner (54) with settings adjusted to allow for multi-mapping of TEs 

(32). Gene and TE transcript counts were generated from the aligned bam files using TEcount 

in the TEtranscripts program (55), which counts multi-mapping reads against a repeatmasker 

annotation file containing all TEs (including class 1 and 2 TEs, satellite sequences, tRNAs, etc.). 

Gene and TE counts were analyzed together for differential expression so that TEs could be 

compared to overall gene/library transcript levels in R using DESeq2 software (56), with 

significant differences determined using the default Wald test. Normalized counts and DESeq2 

outputs were used for all downstream and statistical analyses. 
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HMC3 Cell Culture 

For in vitro experiments, the human microglial clone 3 (HMC3) cell line was 

commercially obtained from ATCC and cultured in Dulbecco’s Modified Eagle’s Medium 

(HyClone) containing 10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin (HyClone) 

at 37 °C in an atmosphere containing 5% CO2. For experiments, cells were treated at 100% 

confluency with tumor necrosis factor alpha (TNF-⍺, 300 ng/mL, Sigma-Aldrich), Aβ1-42 (5 μM, 

Abcam), tau-441 preformed fibrils (50 nM, rPeptide), or Chloroquine (100 nM, Cayman 

Chemical) for 24 h and then flash frozen for use in downstream analyses.  

 

Immunoblotting 

Cell samples were thawed on ice, lysed in ice-cold RIPA buffer containing phosphatase 

and protease inhibitors (ThermoFisher/Roche), and 5 μg of protein was separated by 

electrophoresis on 4-12% Bis-Tris gels (Bio-Rad). The protein was then transferred to 

nitrocellulose membranes (Bio-Rad) and blocked using TBS-Tween containing 5% BSA for 1-2 

h at room temperature. Primary antibodies (interleukin 6, IL-6; Novus Biologicals; 1:1000 

dilution) were diluted in TBS-Tween containing 5% BSA, added to membranes, and incubated 

overnight at 4 °C. HRP-linked secondary antibodies (Cell Signaling,1:5000 dilution) were diluted 

in TBS-Tween containing 5% BSA, added to membranes, and incubated for 1 h at room 

temperature. Proteins were detected using ECL chemiluminescent substrate (ThermoFisher) on 

a FluorChem E imager (ProteinSimple). Protein levels (ECL signal intensities) were measured 

using ImageJ2/Fiji and normalized to total protein loaded as visualized with Ponceau S staining 

(ThermoFisher).  

 

RT-PCR 
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Cells were rinsed with DPBS and gently lysed in Trizol reagent. RNA was recovered and 

purified using an RNA-specific spin column kit (Direct-Zol, Zymo Research), which 

included DNaseI treatment to remove genomic DNA. cDNA was generated from 1 μg RNA per 

condition using qScript cDNA SuperMix Synthesis Reaction (Quantabio) according to 

manufacturer's instructions. For each PCR reaction, 5 ng cDNA was used with PerfeCTa SYBR 

Green FastMix, Low ROX (Quanta Biosciences) and run on an CFX Opus 96 real-time PCR 

instrument. Presented data are normalized to the B2M housekeeping gene. Primers included: 

B2M forward: 5′-ATGAGTATGCCTGCCGTGTGA-3′, reverse: 5′-

GGCATCTTTCAAACCTCCATG-3′; L1Hs 5’end forward: 5′-TCACCAGCAACGGAACAAAG-3′, 

reverse: 5′-TTGAATGTCCTCCCGTAGCTC-3′; LTR5Hs forward: 5′-

GCTCTCTGAAACATGTGCTGT-3′, reverse: 5′-TTTGTGTCCCTGGGTACTTGAG-3′; GSATX 

forward: 5′-ACCCAGGGTGCGTGTCTC-3′, reverse: 5′-CTCAACGTCCCCCTGAAAGC-3′; 

AluYi6 forward: 5′-CACGCTTGTAATCCCAGCAC-3′, reverse:5′-

TTAGTAGAGACGGGGTTTCACC-3′; HERVK14C-int forward: 5′-

ACAAATTCAGCAGGCAAGGC-3′, reverse: 5′-AGAGCTATGATCGACACGTCTG-3′. 

 

Statistics 

Differential expression analyses were performed as described above using DESeq2 

software. Downstream analyses of TE transcripts were compared against total transcript levels 

and analyzed using GraphPad Prism software (unpaired t-test on DESeq2 normalized counts). 

Correlation analyses were performed using simple linear regressions (Pearson correlation) with 

multiple hypothesis testing corrections (Bonferroni correction), and PCR data were analyzed 

with one-way ANOVA, all using GraphPad Prism software. 

 

RESULTS 
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To provide initial insight into TE transcript dynamics in aging microglia, we analyzed pre-

existing publicly available RNA-seq data on isolated microglia from cognitively normal adults, 

aged 34 to 102 years (NCI dataset 1, (46)). Across all subjects, we observed a weak, non-

significant positive correlation between age and total normalized TE transcript levels 

(Supplementary Figure 2.1A), but when we binned subjects into quartiles by age range and 

controlled for the effects of sex in differential expression analyses, a clearer pattern emerged. 

TE transcripts increased across age comparisons (Supplementary figure 2.1B), but compared to 

microglia from younger/middle-aged subjects (aged 34-56), microglia from “old” adults (aged 57-

69) showed minimal increases in TE transcript levels (0 differentially expressed TEs with an 

adjusted p-value < 0.05), with  overall trends driven primarily by LTRs (Figure 2.1A,D). 

Similarly, TE transcript levels only increased minimally (0 differentially expressed TEs with an 

adjusted p-value < 0.05) in the microglia of even “older” subjects (aged 70-84; Figure 2.1B,E), 

but in microglia from the “oldest” subjects (aged 85-102) TE transcripts greatly increased (413 

differentially expressed TEs with an adjusted p-value < 0.05) relative to young/middle-aged 

adults (Figure 2.1C), despite no significant changes in total normalized gene transcript counts 

(Supplementary Figure 2.1C). Interestingly, SINEs were the only major TE subclass that did not 

significantly increase in the oldest subjects compared to the younger group (Figure 2.1F). 

These findings are generally in line with data showing that TE transcript levels increase in 

isolated neurons (36), astrocytes (57), and whole brain samples (32) with aging. However, the 

fact that microglial TE transcript levels remained relatively stable until very old age was 

somewhat surprising, potentially suggesting unique features of microglia that may suppress TE 

transcript accumulation across the lifespan. Consistent with this idea, in similar analyses of a 

dataset based on isolated mouse microglia, TE transcript levels were largely unchanged in both 

middle-aged and older animals (Supplementary Figure 2.2), despite reports showing age-

related increases in whole mouse brains (34). 
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Figure 2.1. TE transcripts increase in human microglia with aging. A – C) MA plots 
showing relative TE and gene transcript levels in isolated microglia from old, older, and oldest 
vs. younger cognitively normal adults. D – F) TE transcript levels by major type in the same 
comparisons. Ages: younger (34 – 56 years, n = 18), old (57 – 69 years, n = 16), older (70 – 84 
years, n = 14), oldest (85 – 102 years, n = 7). *P < 0.05. 

 

AD is reported to exacerbate age-related TE transcript accumulation in neurons (58), 

astrocytes (29), and whole brain samples (28,32,35). To determine how AD might impact TE 

expression in aged microglia, we analyzed two existing RNA-seq datasets on microglia isolated 

from AD patients and cognitively normal age-matched controls. In both datasets (AD Dataset 2 

(47) and AD Dataset 3 (48)), we found that total normalized TE transcript levels showed no 

correlation with age (Supplementary Figure 2.3A,D) and were largely unchanged in AD 

microglia compared to controls (Supplementary Figure 2.3B,E). Similarly, in covariate-adjusted 
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differential expression analyses, TE transcript levels were minimally increased (0 differentially 

expressed TEs with an adjusted p-value < 0.05 in either dataset) in AD patient microglia 

compared to controls (Figure 2.2A,C). All TE subtypes followed the same pattern as overall TE 

transcript levels (Figure 2.2B,D), with no differences in total normalized gene transcript counts 

(Supplementary Figure 2.3C,F). This lack of consistent or strong TE transcript increases in 

isolated AD microglia contrasts with data in previous reports from other cell types, in which TE 

transcripts consistently and markedly increase with AD. These results further suggested that TE 

transcripts may be uniquely regulated in microglia compared to other brain cell types in the 

context of AD and neurodegeneration.  
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Figure 2.2. TE transcripts increase minimally in microglia from Alzheimer’s disease 
patients. A & C) MA plots showing relative TE and gene transcript levels in isolated microglia 
from Alzheimer’s disease patients vs. cognitively normal adults in two different datasets. B & D) 
TE transcript levels by major type in the same comparisons. Ages; AD Dataset 2 (A & B): 
Control (55 – 103 years, n = 15), AD (59 – 98 years, n = 10). AD Dataset 3 (C & D): Control (38 
– 90+ years, n = 15), AD (59 – 84 years, n = 10).*P < 0.05.  
 

Given our observations above and the central role of microglia in responding to AD 

pathology, we hypothesized that the absence of major TE transcript increases in AD microglia 

may be linked to pathological proteins. To address this, we analyzed existing RNA-seq data on 

isolated microglia from rTg4510 tauopathy mice and APP/PS1 amyloid beta (Aβ) pathology 

mice. We found that normalized average TE counts of both APP/PS1 and rTg4510 mouse 

microglia were significantly reduced compared to wildtype littermate controls (Supplementary 

Figure 2.4 A,B). In differential expression analyses, TE transcript levels increased only slightly in 

microglia from 8-month-old compared to 2-month-old wildtype/littermate control mice (Figure 

2.3A,E), similar to the subtle age-related increases we observed in cognitively healthy “older” 

humans. However, in microglia from 8-month-old vs. 2-month-old rTg4510/tau mice, TE levels 

were somewhat reduced compared to total transcript levels (Figure 2.3B), and this was driven 

by significant decreases in LINEs and LTRs (Figure 2.3F). Interestingly in 2-month-old rTg4510 

mice compared to 2-month-old wildtype/littermate control mice, TE transcript levels were 

moderately increased (278 differentially expressed TEs with an adjusted p-value < 0.05), with 

overall trends driven mainly by LTRs and DNA transposons (Figure 2.3C,G). However, when 

comparing 8-month-old rTg4510/tau mice to 8-month-old wildtype mice, we observed strong 

reductions (580 differentially expressed TEs with an adjusted p-value < 0.05) in TE expression, 

primarily driven by decreases in LINEs and LTRs (Figure 2.3D,H).  
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Figure 2.3. TE transcripts decrease in rTg4510 mouse microglia. A – D) MA plots showing 
gene and TE transcript expression patterns in isolated microglia from rTg4510 mice and WT 
littermate-controls at 2 and 8 months old. E – H) Matched comparisons showing TE transcripts 
by major type. Sample size: 2 month (WT n = 12, rTg4510 n = 12), 8 month (WT n = 12, 
rTg4510 n = 12). *P < 0.05. 
 

Our results above were somewhat unexpected, given previous reports showing that tau 

causes TE transcript increases in whole brains and isolated neurons (28,29,34,35,59). 

However, similar to our findings in rTg4510/tau mice, in a second dataset based on isolated 

microglia from APP/PS1 mice (Aβ pathology model), we again observed pathology-associated 

decreases in TE transcripts. Specifically, we found an overall increase in TE transcripts in 8-

month-old compared to 4-month-old wildtype/littermate control mice (Figure 2.4A,E), but the 

same aging comparison in APP/PS1 mice revealed minimal overall differences (Figure 2.4B), 

with significant reductions in SINEs (Figure 2.4F). Moreover, when comparing 4-month-old 

APP/PS1 mice directly to 4-month-old wildtype/littermate control mice, we found that TE 

transcript levels were moderately reduced (11 differentially expressed TEs with an adjusted p-
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value < 0.05) (Figure 2.4C,G). Interestingly, in 8-month-old APP/PS1 mice compared to 8-

month-old wildtype/littermate control mice, we observed marked TE transcript decreases (618 

differentially expressed TEs with an adjusted p-value < 0.05) both overall and by major type 

(Figure 2.4D,H). These findings potentially suggest a contribution of both tau and Aβ to the 

distinct TE transcript patterns observed in pathology-affected microglia. Also, as our lab and 

others have reported whole-brain TE transcript increases in aged rTg4510/tau mice (32,34), 

these results further point towards microglia-specific, and perhaps pathology-related patterns, of 

TE transcript expression.    

 
Figure 2.4. TE transcripts decrease in APP/PS1 mouse microglia. A – D) MA plots showing 
gene and TE transcript expression patterns in isolated microglia from APP/PS1 mice and WT 
littermate-controls at 4 and 8 months old.  E – H) Matched comparisons showing TE transcripts 
separated by major type. Sample size: 4 month (WT n = 24, APP/PS1 n = 20), 8 month (WT n = 
24, APP/PS1 n = 22). *P < 0.05. 

 

Multiple biological processes could contribute to the TE transcript decreases we 

observed in pathology-associated microglia, including classical RNA degradation pathways (60–
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62), epigenetic modifications (e.g., methylation and acetylation) (63,64), microglial 

metabolism/immune signaling (through multiple pathways) (65), and autophagy (which has been 

reported to degrade TE transcripts (66)). To provide further insight into which of these biological 

processes might be most involved with the TE patterns we observed, we evaluated correlations 

among TE transcript levels and key genes associated with each process (selected based on 

gene ontology membership and specificity) across all three human datasets, with NCI and AD 

patients analyzed separately (Figure 2.5). We chose this approach instead of untargeted 

transcriptome-wide analyses to avoid false hits and/or the possibility of missing modest (yet 

biologically relevant) correlations with key microglial genes and processes. Interestingly, we 

observed several significant gene/TE correlations, but our most consistent finding was that 

normalized autophagy/lysosome-related transcript levels were inversely related to total 

normalized TE transcript levels across datasets, suggesting this biological process may play a 

role in the TE transcript patterns observed in our human data analyses. Consistent with this 

idea, in NCI Dataset 1 we observed decreases in processes that intersect with autophagy at late 

age (Supplementary Figure 2.5A-D), coinciding with the marked TE transcript increases shown 

in Figure 1. Correlations among total normalized TE transcripts and key autophagy/lysosome-

related genes were also present across age groups within NCI Dataset 1, the largest of all 

datasets analyzed (Supplementary Figure 2.5E). Additionally, in AD Datasets 2 and 3, in which 

TE transcript increases were expected but not present, we observed consistent AD-associated 

increases in autophagy gene expression (Supplementary Figure 2.6). Together, these results 

suggest the possibility that differences in autophagy/lysosomal pathway activity could be 

associated with microglial TE transcript variation. 
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Figure 2.5. Pearson correlations among candidate TE-modulating process genes and TE 
transcript levels. Heatmap showing positive and negative correlations between key genes that 
represent candidate TE-modulating processes and total normalized TE transcript counts in all 
three human datasets. *P < 0.05. 
  

Finally, to explore the potential association between TE transcripts and autophagy in 

microglia with aging/AD pathology, we performed preliminary and hypothesis-generating in vitro 

experiments using the well-characterized HMC3 microglial cell line. To confirm that these cells 

responded as expected (i.e., like microglia), we first verified that they upregulated inflammatory 

cytokines in response to pro-inflammatory stimuli (Supplementary Figure 2.7). Then, we used 
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RT-PCR to measure transcript levels of five key TEs that followed the general trends in our 

human analyses under various aging- and pathology-relevant conditions (Figure 2.6). Although 

we observed slightly different effects for each TE measured, the general pattern that emerged 

was as follows: First, in cells treated with the autophagy inhibitor chloroquine, we observed a 

non-significant trend for TE transcript increases, consistent with previous data showing that 

autophagy may degrade TEs (66), and with our finding that autophagy gene expression was 

inversely related to TE transcript levels across the human datasets we analyzed. Second, when 

these cells were exposed to inflammatory cytokine treatment (TNF-ɑ, an aging/disease-relevant 

cytokine), TEs did not increase and even tended to decrease in some comparisons. In contrast, 

when these cells were exposed to Aβ or tau, we observed increased expression of all TEs 

examined (although effects did not reach significance for tau), consistent with previous reports 

showing that tau pathology is associated with TE dysregulation. However, co-treatment of Aβ or 

tau with autophagy inhibition reduced TE transcripts to levels similar to controls (and this effect 

was most significant in Aβ-treated cells). This was a surprising result considering that autophagy 

inhibition alone tended to increase TE transcripts and our finding that autophagy gene 

expression was inversely related to TE levels in human AD samples. Thus, these findings do 

not support a simple model in which reduced autophagy increases TE transcripts, but they do 

suggest that relationships among aging/AD-related stimuli, autophagy/lysosomal activity, and 

TE transcripts may be context-dependent, which could in part explain our divergent findings in 

human datasets. 
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Figure 2.6. RT-PCR analysis of key TE transcripts in HMC3 microglia exposed to aging 

and AD-related pathology treatments. Cells were exposed to tumor necrosis factor (TNF-ɑ), 

amyloid-beta1-42 (Aβ), Tau-441 preformed fibrils, and/or chloroquine (CQ) for 24 h prior to RNA 

extraction and subsequent RT-PCR for analysis of various key TE transcript levels. *P < 0.05. 

 

DISCUSSION 

 Microglia are dynamic, CNS-resident immune cells that perpetually survey the 

environment while adjusting their transcriptome to best support surrounding neurons and glia 

(13,67). They play a central role in brain aging and neurodegenerative disease (12,68–72), with 

growing evidence suggesting that microglial transcriptional patterns reflect various stages of 
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disease progression and pathology (44,73). Emerging data also show that TE transcripts play 

an important role in brain aging and neurodegenerative diseases (19,24,36), including AD 

(27,28), but there are limited data on microglial TE expression specifically in these contexts. In 

the present study, we explored the relationship between brain aging, AD, and TEs in microglia 

by analyzing multiple pre-existing RNA-seq datasets on isolated human and mouse age/AD-

associated microglia. In contrast to previous reports on whole-brain data, we showed that age-

related increases in microglial TE transcript levels are minimal across most of the human 

lifespan and not majorly exacerbated by AD/pathology, and that these patterns may be 

associated with age- and pathology-related changes in RNA homeostasis and cellular quality 

control pathways, including autophagy/lysosomal activity. Although preliminary, these findings 

suggest several important points about TE homeostasis in microglia and the aging/AD brain, 

which we discuss in the following sections.    

 First, human microglia have uniquely regulated transcriptomes in aging and disease 

compared to other CNS cell types (74,75), which may in part explain the unexpected TE 

transcript patterns we observed. Beyond their cell-specific expression of the “sensome” 

(microglia-specific genes that aid in sensing and reacting to their immediate microenvironment 

(76)), microglia highly express many AD risk genes (77). In fact, although microglia have been 

historically classified into two broad categories (homeostatic and activated), recent single-cell 

RNA-seq studies have identified as many as nine different microglia transcriptional sub-states 

(14), suggesting a transcriptional continuum (78,79) that allows microglia to play a central role in 

various aspects of CNS homeostasis including neurogenesis, synaptic pruning, and 

neuroinflammation (42,80–83). In aging and disease, the microenvironment surrounding 

microglia becomes complex and pathologically remodels the cells’ chromatin landscape, leading 

to epigenetic and transcriptional changes that drive pathology-associated substates (78,84,85). 

Increased chromatin accessibility in transcriptionally active/plastic cell types allows for rapid 

transcriptional changes (86), and consequentially, may promote greater expression of TE 
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transcripts as a byproduct of this heightened genomic activity. Additionally, as TEs are thought 

to be involved in gene regulation (87–90) and affected by events like read-through transcription 

(91), rapid changes in microglial transcriptional profiles could lead to greater dysregulation of 

TEs. These ideas would be consistent with our present findings. That is, whereas recent data 

suggest TE transcripts increase somewhat linearly and progressively with aging in both 

peripheral tissues (31) and whole brain samples (32), we observed only small, non-biologically 

relevant increases in TE transcripts throughout the majority of the adult lifespan, followed by 

marked increases in later life (85+), when aging pathology has likely accumulated in the CNS 

and microglia are responding accordingly (92,93). We note that these results were all based on 

associations, and that cause and effect could not be determined in the retrospective analyses 

we performed. Additionally, RNA-seq datasets on isolated microglia are uncommon, and there 

are very few single studies synthesizing data from multiple isolated microglia datasets, making 

the pool of data for our analyses limited. Future studies would benefit not only from additional 

data, but also perhaps approaches that would link microglial TE regulation with epigenetic 

control (e.g., chromatin or methylation sequencing approaches).  

 Second, the central role of microglia in sensing and modulating disease-associated 

pathology may influence their TE-related transcriptional profiles. AD, characterized by the 

accumulation of pathological Aβ and tau, is reported to exacerbate the TE transcript increases 

seen in aged whole-brain samples (32). However, when we analyzed two separate datasets on 

isolated human microglia from AD patients and cognitively normal age-matched controls, we 

found that TE transcript levels in AD-associated microglia displayed minimal changes (i.e., 

beyond those observed in age-matched control subjects). One possible reason for these TE 

transcript patterns in AD-associated microglia could involve pathological proteins, which 

accumulate in the AD brain (94–96). Indeed, pathological tau has been linked with TE transcript 

dysregulation in mice, drosophila, and in vitro human models (29,34,59), but the association 

between Aβ and TEs is less characterized. To test this idea, we analyzed data on isolated 



 35 

microglia from pathological tau and Aβ mouse models. Interestingly, we found overall TE 

transcript decreases (that were not present at baseline in young transgenic vs. wild-type 

animals) in both models of pathology. Additionally, in individual dataset comparisons, certain TE 

subclasses appeared to be affected more than others. However, these patterns were not 

consistent across datasets, and specific TEs that were most increased/decreased also varied 

considerably among cohorts and models. This highlights the complexity of TE regulation in 

aging and disease, in which microglia are the primary responders to pathology, and future 

studies analyzing single-cell RNA-seq data would be valuable for understanding how various 

microglia substates may drive overall TE transcript patterns in the presence of disease. 

Although beyond the scope of this initial study, such analyses are now possible thanks to 

pipelines for analyzing TEs in single-cell data (38,97).    

Third, the highly phagocytic nature of microglia, which display increases in 

autophagy/lysosomal activity in AD (98–100), could provide insight into cellular processes 

modulating TE dynamics in general. We hypothesized that age/disease-related changes in 

autophagy/lysosomal activity (which is reported to degrade TE transcripts (36)) associated with 

activated microglia could be one contributor to the TE transcript patterns we observed. 

Consistent with this possibility, we observed inverse correlations among key autophagy-related 

genes and total normalized TE transcript levels across datasets, as well as trends for reduced 

expression of genes relevant to autophagy and other related processes with age that were 

somewhat reversed (increased) in AD. Although these analyses were exploratory and based on 

candidate genes, they suggested autophagy/lysosomal activity as one potential contributor to 

variations in TE transcript levels in microglia. Therefore, to further investigate this possibility, we 

performed preliminary hypothesis-generating in vitro analyses in HMC3 microglia. Notably, 

when autophagy was inhibited in these cells, we observed a modest increase in TE transcript 

levels, consistent with the idea that autophagy helps to reduce TE transcript accumulation in 

microglia. Additionally, when we treated these cells with an aging-relevant stimulus (TNF-ɑ) and 
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autophagy inhibitor, TE transcripts increased modestly (compared to TNF-ɑ alone). This was 

also consistent with our human analyses showing autophagy decreases in old age while TE 

transcripts increase at the same timepoint. When these cells were treated with tau or Aβ, TE 

transcripts increased, consistent with reports of tau’s effect on TEs in other cell types. To our 

knowledge, these are the first data to reveal similar (and perhaps even stronger) effects of TE 

dysregulation in microglia with Aβ exposure. The reason for these effects is unclear, although it 

may involve the transition of homeostatic microglia to a more activated state (which is especially 

robust in response to Aβ (101)), as the transcriptional plasticity required for this transition could 

dysregulate TE expression (14,102). Interestingly, these TE transcript increases were 

significantly blunted by autophagy inhibition. Again, the mechanisms underlying this observation 

are not clear, but microglial autophagy and Aβ clearance are tightly linked (98), so it is possible 

that reduced Aβ uptake due to autophagy inhibition limits Aβ-induced effects on TEs.  

Although our in vitro experiments do not establish causal mechanistic relationships, they 

suggest aging, AD, and autophagy-relevant stimuli may be capable of altering TE transcript 

levels in human microglia. It is important to note that our experiments involved short-term 

treatments (whereas AD is chronic and gradual) and blunt autophagy tools (chloroquine likely 

has effects beyond autophagy inhibition). Additionally, we chose to use HMC3 cells because of 

their tractability and because primary microglia tend to lose their phenotype in culture. However, 

HMC3 cells do not adopt a bona fide disease-associated microglia (DAM) state in response to 

pathological insults (103–105). Although autophagy generally declines during brain aging (106) 

and AD progression (107), DAMs are specifically known to upregulate autophagy (43). Thus, 

although HMC3 cells are a well-characterized model, the degree to which they reflect aging/AD-

associated microglia in vivo is unclear. Still, our findings support the idea that pathology and 

autophagy may play roles in modulating TE transcript levels in microglia (although the exact 

effects are likely context-dependent), and our data may help provide insight into microglial TE 

dynamics and RNA homeostasis in general. 
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This study was intended to be an initial, hypothesis-generating exploration of TE 

transcript dynamics in human microglia. Although preliminary, our collective observations from 

human/mouse RNA-seq data along with our in vitro studies could suggest a model in which 

microglial TE transcript levels are shaped by aging, AD/pathology-related microglial state 

changes, and RNA homeostasis, including autophagy/lysosomal pathways. However, our data 

do not support a specific causal mechanism, and additional studies are needed to determine if 

autophagy or other mechanisms regulate TE abundance in microglia in vivo. For example, it 

also is possible that TE transcripts are modified by non-canonical RNA disposal pathways in 

aging/AD microglia, such as exosome release (108–113). It is possible that these events could 

underlie the TE transcript reductions we observed in AD-associated microglia and/or autophagy-

inhibited HMC3 microglia. As such, future studies could analyze the contents of microglia-

secreted exosomes, perhaps in the presence and absence of pathology/inhibitors to assess TE 

transcripts and other potential sources of endogenous inflammation, as this may provide insight 

into general RNA homeostasis in microglia with aging and disease. Finally, additional studies 

are needed to determine the extent to which the events described above may be represented in 

vivo, and how these events affect functional outcomes like phagocytosis. Indeed, all of our 

bioinformatic analyses were based on microglia that went through isolation and RNA-

sequencing preparation procedures, and our in vitro studies leveraged the HMC3 immortalized 

microglia line (which is well-characterized but still different from primary cells). We also only 

probed for 5 key TEs in vitro, and it is possible that probing for other TEs (or conducting RNA-

seq) could lead to different insight. Uncovering such details of TE transcript dynamics in 

microglia, the most active immune cell type in the brain, is an important future direction, as 

therapeutic strategies targeting TEs will require a more complete understanding of cell type-

specific differences in their regulation. 
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CHAPTER 3 – APIGENIN IMPROVES HEALTHSPAN AND ATTENUATES ALZHEIMER’S 
DISEASE-ASSOCIATED PROTEOTOXICITY IN C. ELEGANS2 

 
 
 

INTRODUCTION 

Aging is characterized by progressive declines in multiple cellular and physiological 

functions that increase susceptibility to chronic diseases, including neurodegenerative disorders 

(1–5). Therefore, as the global population ages (6), there is a growing need for interventions 

that increase healthspan and reduce age- and disease-related pathological events (7). In this 

context, phytochemicals. naturally occurring bioactive dietary compounds with pharmaceutical-

like effects, represent one promising class of interventions (8–10). Recently, the phytochemical 

apigenin, found naturally in chamomile and parsley, has gained attention for its reported 

therapeutic effects in various age-related disease models (11–14). However, the exact 

molecular mechanisms underlying these broad therapeutic effects are incompletely understood.  

We recently reported beneficial effects of apigenin in the aging brain (11), and other data 

from model organisms suggest apigenin may attenuate pathology associated with Alzheimer’s 

disease (AD) (15–17). Brain aging is tightly linked with the development of neurodegenerative 

diseases like AD (18), and many older, disease-free adults exhibit pathological AD protein 

accumulation (e.g., amyloid-beta [Aβ] and tau) (8). As such, and because there remain no 

treatments for preventing or reversing brain aging/AD (19–23), defining mechanisms by which 

novel compounds like apigenin may act is an important research direction. Interestingly, 

apigenin has been reported to modulate inflammatory signaling, antioxidant function, cell cycle 

regulation, and apoptosis pathways (11,24–26).  However, like many phytochemicals, it has also 

been proposed to exert its beneficial effects through hormetic mechanisms involving transient 

activation of cellular stress response pathways. Yet, which of these pathways and mechanisms 

may be activated by apigenin in the context of aging and AD pathology-related declines in 
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physiological function remains unclear.  

In the present study, to determine if apigenin’s therapeutic effects influence lifespan, 

age-related neurodegeneration, and/or the adverse consequences of AD-associated proteins, 

and to better understand the molecular mechanisms involved, we tested apigenin’s effects in 

various transgenic C. elegans models while monitoring multiple metrics of healthspan. We found 

that apigenin extends median lifespan of wild-type animals as well as pan-neuronal tau- and Aβ-

expressing models. We also found that these extensions in median lifespan were associated 

with improved neuromuscular function and reduced age-related protein/macromolecular 

damage accumulation. Additionally, we used RNA-seq/bioinformatics along with in vivo 

fluorescent reporter strain imaging to identify reductions in oxidative stress as a key mechanism 

underlying the beneficial effects of apigenin. Together, our results add further support to the 

growing data on apigenin as a promising candidate for targeting aging and neurodegenerative 

pathology. 

 

METHODS 

C. elegans Strains, Maintenance, and Treatment 

Wild-type and transgenic C. elegans strains used in this study (Table 3.1) were 

purchased from the Caenorhabditis Genetics Center at the University of Minnesota and 

maintained on standard nematode growth medium (NGM) plates containing CaCl2, MgSO4, 

KPO4, and 5 mg/mL cholesterol (27). For treatments, animals were plated with or without 50 µM 

apigenin (Cayman Chemical), a dose based on those reported in cell culture studies and 

confirmed in initial range-finding experiments, which was supplemented into the E. coli OP50 

food source, and housed at 20 °C unless otherwise stated. For experiments that involved aging 
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synchronized worms, NGM plates were supplemented with 400 µM 5-Fluoro-2’-deoxyuridine 

(FUDR, Research Products International) directly into the molten agar. 

 

Table 3.1. C. elegans Strains 

Strain Description Genotype 

LD1171 
GFP reporter for gcs-1 

expression 
ldIs3 [gcs-1p::GFP + rol-6(su1006)] 

LD1 
GFP reporter for skn-1b/c 

expression 
ldIs7 [skn-1b/c::GFP + rol-6(su1006)] 

OH13908 
mKate reporter for daf-16 

expression 
daf-16(ot821[daf-16::mKate2::3xFLAG]) 

SJ4103 
GFP-labeled muscle 

mitochondria 
zcIs14 [myo-3::GFP(mit)] 

IG274 
GFP reporter for nlp-29 

expression 
frIs7 [nlp-29p::GFP + col-12p::DsRed] 

DV3285 
mKate reporter for mpk-1 

expression 
his-72(cp76[mNeonGreen::3xFlag::his-

72]) mpk-1(re172[mpk-1::mKate2::3xFlag]) 

GRU102 
Pan-neuronal human Aβ1-42 

expression 
gnaIs2 [myo-2p::YFP + unc-119p::Abeta1-42] 

BR5706 
Pan-neuronal pathological 

human tau expression 

byIs193 [rab-3p::F3(delta)K280 + myo-
2p::mCherry]. bkIs10 [aex-3p::hTau V337M + 

myo-2p::GFP] 

CL4176 
Temperature-inducible 
muscle Aβ expression 

dvIs27 [myo-3p::A-Beta (1-42)::let-851 3'UTR) 
+ rol-6(su1006)] 

KAE112 Muscle tau expression 
seaIs201 [myo-3p::human tau 

(0N4R;V337M)::unc-54 3'UTR + vha-
6p::mCherry::unc-54 3'UTR] 

NC1686 GFP-labeled PVD neurons wdIs51 [F49H12.4::GFP + unc-119(+)] 

 

Synchronization and Lifespan Assays  

 Animals were grown on NGM plates and then age-synchronized by isolating eggs via 

standard sodium hypochlorite protocols (28). Briefly, worm populations were washed and 

collected with M9 buffer and centrifuged at 1,700 RPM for 1 min. The pellet was treated with 
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~2% sodium hypochlorite followed by 0.4 M sodium hydroxide. The solution was vortexed and 

centrifuged again, and the pellet was resuspended in sterile water, then centrifuged and washed 

with sterile water three times before being resuspended in sterile M9 buffer. Eggs were left to 

hatch in M9 buffer for 18 to 24 hours before being distributed on NGM plates and allowed to 

mature. Lifespan experiments were performed using a Nemalife Infinity apparatus (NemaLife 

Inc.) as previously reported and according to manufacturer’s instructions (29,30). Briefly, 100% 

ethanol was used to clean Nemalife microfluidic chips and then displaced with 50 mg/mL 

pluronic F-127 (Sigma-Aldrich). Chips were incubated at room temperature for 1 h and then 

thoroughly washed with M9 buffer. Then, 50 – 75 untreated day 1 C. elegans adults were added 

to each chip. All chips were maintained at 20 °C and were washed, fed/treated (20 mg OP50/mL 

NGM solution), and video recorded daily. Videos were used to quantify living animals each day 

(washing/feeding stimulates nematode movement), and animals were scored as alive if 

movement was observed during video duration. 

  

Pharyngeal Pumping 

Pharyngeal pumping was quantified as reported elsewhere (31) at estimated median 

lifespans (N2: day 10, GRU102 & BR5706: day 7). Individual C. elegans pharynges were 

observed in Nemalife chips placed under a stereo microscope (Tritech Research) at 50x 

magnification. Contractions were manually recorded over a 60-second interval for 5 to 10 

animals per condition. 

  

Velocity Analysis 

All velocity data were gathered using WormLab (MBF Bioscience LLC) software (32) 

from lifespan videos (collected as described above) or in videos of KAE112 paralysis 

experiment plates. Briefly, all videos were trimmed to 30 seconds and cropped to include only 
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the microfluidic arena or OP50 lawn on plates. In WormLab, the arena was measured to 

calculate pixel size of the resized video, the “light worms on a dark background” setting was 

selected, and the threshold level was adjusted for optimal contrast between the worms and their 

background. Tracking was analyzed using default parameters except for the following changes: 

‘detection parameters’ – area min: 0, length min: 1, width min: 0.5, width/length ratio min: 0.05, 

max: 0.3, detection fit min: 0.25, registration fit: 0.05, detection frequency: 15 frames, 

predominant direction: forward, fitting iterations: 130; ‘tracking parameters’ – max tracked 

hypothesis: 3, minimum track duration: 3. After WormLab’s automated tracking, individual worm 

tracks were manually repaired using the “remove” and “join” track functions. Moving average 

speed was exported to Excel with maximum and average velocities calculated using standard 

functions. Only velocity data for worms tracked for more than half of the video duration were 

included in the final analyses to eliminate possible repeated sampling of the same worm.  

  

Imaging 

Live animals were placed on a thin 5% agar pad in water, immobilized in 3% 1-phenoxy-

2-propanol (Tokyo Chemical Industry) in water, and imaged using an EVOS M7000 

fluorescence microscope (ThermoFisher) with DAPI (Ex; 357, Em; 447), GFP (Ex; 470, Em; 

525), and RFP (Ex; 531, Em; 593) LED light cubes. NC1686 worm strain neurodegeneration 

images were captured with an Olympus UPlanSApo 40x/0.95 NA objective and all other images 

were captured with an Evos Plan FL PH 10x/0.30 NA objective. For neurodegeneration imaging, 

a ~20-plane Z-stack was captured and all images were deconvolved using Celleste 

(ThermoFisher) imaging software before analyzing dendrite degeneration. Briefly, contrast was 

increased equally across all images for visualization and quantification of quaternary processes. 

Images were then reset to the deconvolved output for manual scoring of dendritic blebs (which 

represent degeneration of neurons). All neurodegeneration data were normalized to primary 
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PVD dendrite length. Fluorescence intensity of age-related autofluorescence and reporter 

strains was quantitatively analyzed in FIJI (NIH). Briefly, light intensity was kept consistent 

throughout entire experiments as whole worms were imaged. When quantifying fluorescent 

intensity in FIJI, whole worms were defined as the region of interest and standard protocols for 

calculating corrected total fluorescence (including background subtraction) were used (33).  

 

RNA Extraction/Bioinformatics 

 Wild-type C. elegans treated with or without apigenin were aged to day 5 or 10 (to 

approximate younger and late middle life). Triplicates of ~100 animals for each condition were 

collected in standard M9 buffer. Trizol Reagent (Zymo Research) was mixed into each sample, 

and samples were subsequently frozen in liquid nitrogen, thawed at room temperature, and 

vortexed three times before being centrifuged at 12,000 RPM for 30 seconds. Supernatant was 

carefully transferred to a new microfuge tube and 100% ethanol was added. RNA was 

recovered and purified using an RNA-specific spin column kit (Direct-Zol, Zymo Research), 

which included DNaseI treatment to remove genomic DNA. Poly-A RNA libraries were 

generated using a Tecan NuGEN library kit, with libraries sequenced on an Illumina NovaSeq 

6000 platform to generate >40 M 150-bp paired-end reads per sample (Genomics Core, 

University of Colorado Anschutz Medical Campus).  

Transcriptome data analyses were performed as recently reported (29,34–36). Reads 

were trimmed and filtered with the fastp program (37), then mapped to the C. elegans (ce11) 

genome with the STAR aligner (38). Gene counts from TEtranscrips (39) were analyzed for 

differential expression in R using DESeq2 software (40), with statistically significant differences 

determined using the default Wald test. Normalized counts extracted from DESeq2 were used 

for all statistical analyses, and gene ontology (GO) was performed using g:Profiler (41). 
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Paralysis Assays 

Paralysis experiments for Aβ-expressing strains were performed as reported elsewhere 

(42). Briefly, untreated synchronized C. elegans in their third larval stage (L3) were transferred 

to new NGM plates with or without treatment. These new plates were transferred from 16 to 25 

°C and incubated for 15 hours. After the incubation period, C. elegans were assessed for 

paralysis every two hours until all animals were completely paralyzed.  Total paralysis was 

scored when animals were prodded with a pick and no movement was observed. Tauopathy 

strain paralysis experiments were performed similarly and as reported elsewhere (43). Briefly, 

untreated synchronized C. elegans in their fourth larval stage (L4) were transferred to FUDR 

plates with or without treatment. On days 2-10 of adulthood, 5-min video recordings were taken 

with Nemalife imaging equipment and velocity analysis was performed in WormLab as 

described above.   

 

Statistical Analyses 

Statistical analyses for lifespan assays were performed using a log-rank (Mantel-Cox) 

test. For all other data, normality was assessed using the Shapiro-Wilk test, and comparisons 

between treated and untreated animals were performed using two-tailed Student’s t-tests. For 

neurodegeneration analyses involving multiple groups, one-way ANOVA followed by multiple 

comparisons correction (e.g., Tukey’s test) was used. All statistical analyses were performed 

using GraphPad Prism, except for RNA-seq data (described above under Bioinformatics), for 

which differential expression analysis was performed using DESeq2 software with significant 

differences determined using the default Wald test, and in which GO significance was 

determined using the R package g:Profiler-derived p-values. 
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RESULTS 

Apigenin has been reported to have therapeutic effects in multiple settings/models of 

disease (44), including brain aging (11), yet the extent to which it may protect against aging and 

neurodegeneration, and the mechanisms involved, have not been thoroughly investigated. To 

provide initial insight into the efficacy and mechanisms of action for apigenin in this context, we 

first performed lifespan assays on treated and untreated wild-type (N2) C. elegans in 

microfluidic chips, as previously reported (29,30). We observed a modest but significant 

extension in median lifespan for worms exposed to apigenin (Figure 3.1A), and a slight but non-

significant increase in maximum lifespan. In the same animals, neuromuscular function (an 

indicator of healthspan (45,46)) was improved at day 10 (“late middle age”) in treated animals, 

as reflected by significant increases in pharyngeal pumping and crawling velocity (Figure 

3.1B,C). We also measured 447 nm autofluorescence, an indicator of oxidized/cross-linked 

macromolecule and gut granule accumulation that has been linked to age-related declines in C. 

elegans (47), and found that autofluorescence was significantly lower in day 10 apigenin-treated 

worms compared to controls (Figure 3.1D,E). Together, these data suggest that apigenin 

attenuates age-related functional declines (i.e., improves healthspan) in wild-type C. elegans.  
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Figure 3.1. Apigenin attenuates age-related functional declines in wild-type C. elegans. A) 
Median lifespan was significantly extended in apigenin-treated worms (control n = 164, apigenin 
n = 187). In the same animals, neuromuscular function was significantly enhanced with 
treatment, as reflected by increased B) pharyngeal pumping rates and C) average and 
maximum crawling velocity. D-E) Age-related autofluorescence (λ = 447 nm) was significantly 
reduced with apigenin exposure. All measurements were taken at Day 10. *p < 0.01. 
 

To examine the effects of chronic apigenin exposure on age-related neurodegeneration, 

we imaged sensory PVD neurons in vivo in treated and untreated C. elegans expressing a GFP 

reporter at three timepoints (Figure 3.2A) as previously reported (29,48,49). PVD neurons are 

commonly analyzed in neurodegeneration studies for their extensive dendritic arborization and 

ease of visualization (50), and the quantification of neuronal “blebs” serves as a marker of 

neuronal degeneration (51). While overall dendritic architecture was preserved in both control 

and treated animals (Figure 3.2B), we observed a significant age-associated accumulation of 

neuronal blebbing in control worms, which did not reach significance in apigenin-treated animals 

(Figure 3.2C). Together, these data suggest that apigenin may mitigate age-associated 

changes in neuronal structure in vivo, although its effects were modest.  
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Figure 3.2. Effects of apigenin on age-related PVD neurodegeneration. A) Representative 
PVD images for treated and untreated NC1686 C. elegans compared against day 1 baseline 
animals. Quantitation of B) Quaternary processes and; C) Dendritic blebbing normalized to 
primary dendrite length. *p < 0.05 

 

Beyond aging, apigenin has been shown to be protective in a variety of age-related 

disease models (26,44,52). However, reports on the primary biological processes affected by 

apigenin in these settings are mixed. Therefore, to better understand the mechanisms 

underlying apigenin’s therapeutic effects and our observations above, we performed in vivo 
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imaging on various day 10 adult transgenic C. elegans fluorescent reporter strains with and 

without chronic apigenin treatment. Interestingly, apigenin-treated worms showed significantly 

less expression of proteins involved in two key C. elegans oxidative stress pathways, glutamate-

cysteine ligase (gcs-1p) and skinhead-1 (skn-1b/c) (Figure 3.3A,B). Consistent with this, 

expression of daf-16, a FoxO ortholog tightly associated with stress responses and biological 

aging (53), was also reduced in treated animals (Figure 3.3C). Despite these observations, we 

did not observe any significant differences in gross mitochondrial-associated GFP signal 

(Figure 3.3D) or markers of innate immune activation (Figure 3.3E). However, the MAPK 

pathway (as reflected by mpk-1), which is centrally involved in both oxidative stress and immune 

signaling (54,55), was significantly reduced with apigenin treatment (Figure 3.3F). Together, 

these data suggest apigenin modulates multiple age-associated stress response pathways, and 

especially oxidative stress signaling networks.  



 56 

Figure 3.3. Apigenin reduces oxidative stress. Effects of apigenin treatment in transgenic C. 
elegans strains expressing fluorescent reporters for: A) glutamate-cystine ligase (gcs-1p::GFP); 
B) oxidative stress resistance (skn-1b/c::GFP); C) age- and stress-related insulin/IGF-1 
signaling (daf-16::mKate2); D) muscle mitochondria (myo-3::GFP); E) innate immune activation 
(nlp-29p::GFP); and F) MAP kinase activity (mpk-1::mKate2m). All images taken at day 10. *p < 
0.05. 
 

To assess transcriptomic changes induced by chronic apigenin exposure during aging in 

C. elegans, we performed RNA-seq on treated/untreated day 5 and day 10 animals. Differential 

gene expression analysis identified 896 significantly different transcripts in old vs. younger 
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control animals, compared to 703 significantly different transcripts in old vs. younger treated 

animals after false discovery rate testing correction (Figure 3.4A,B), suggesting a modest 

suppression of age-related transcriptome changes. Therefore, to more broadly understand how 

these transcript expression differences reflected biological processes affected by aging and 

apigenin, we examined patterns among the top 1000 most increased and decreased 

genes/transcripts with aging. We found that apigenin broadly reversed transcriptional patterns 

among these transcripts in old animals (i.e., most transcripts that were increased with aging 

were reduced with apigenin, and vice versa; Figure 3.4C, middle panel). Additionally, day 10 

treated worms were more transcriptomically similar to day 5 untreated animals, as reflected by 

less pronounced “aging” gene increases/decreases (Figure 3.4C, right panel). A GO analysis 

of the most increased and decreased differentially expressed genes between our day 10 treated 

and day 10 untreated control comparison also revealed enrichment of oxidative stress-related 

metabolic processes in the nervous system (Figure 3.4D), which was consistent with our data 

showing apigenin protects against age-related neurodegeneration and oxidative stress in vivo. 

Next, to identify which of apigenin’s transcriptome effects were most relevant to its anti-aging 

properties, we specifically examined genes/transcripts that were increased and decreased with 

aging but no longer increased or decreased with chronic apigenin treatment (i.e., transcripts 

specifically “reversed” in terms of their expression by apigenin). GO analyses of this list showed 

that processes that increased with aging but were reduced with apigenin converged on stress 

defense and homeostasis (redox buffering, lysosomal clearance, ion transport, and lipid 

metabolism), while processes that decreased with aging but were increased with apigenin 

centered around stress response and redox buffering (Figure 4E). Together, these data support 

a model in which apigenin protects against age-associated transcriptional shifts by modulating 

biological pathways related to oxidative stress and redox homeostasis.  
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Figure 3.4. Anti-aging transcriptomic effects of apigenin. Volcano plot showing significant 
differentially expressed genes in A) untreated aging; and B) aging with chronic apigenin 
treatment with significantly different transcripts shown in pink (padj < 0.01); C) Heatmap showing 
the top 1,000 most increased and top 1000 most decreased genes with aging in multiple 
comparisons; D) Most modulated GO terms with treatment; E) Most modulated GO terms 
directly attenuated with apigenin treatment. 
 

Oxidative stress is a well-established contributor to AD (56,57), and Aβ (a key 

pathological protein in AD) has specifically been linked to oxidative stress (58). Given our data 
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presented above, and previous reports that apigenin protects against age-related 

neurodegeneration and oxidative stress-associated pathways (59–61), we hypothesized 

apigenin could also have protective effects against AD-relevant proteotoxicity. To test this idea, 

we performed lifespan analyses on transgenic C. elegans strains expressing pan-neuronal 

human Aβ1-42 and tau. We found that apigenin significantly increased median lifespan in Aβ-

expressing worms (Figure 3.5A), and analyses of pharyngeal pumping (Figure 3.5B) and 

crawling velocity (Figure 3.5C) at median lifespan (day 7) revealed significant enhancement of 

neuromuscular function as well. Additionally, fluorescence microscopy analyses showed that 

apigenin-treated Aβ-expressing animals had significantly reduced 447 nm autofluorescence, 

reflecting reduced accumulation of damaged/aggregated macromolecules, at the same time 

point (Figure 3.5D,E). Together, these data suggest apigenin may have potential to modulate 

Aβ proteotoxicity.  

 

Figure 3.5. Apigenin improves healthspan in Aβ-expressing C. elegans. A) Median lifespan 
was significantly extended in apigenin-treated worms (Control n = 56, Apigenin n = 67) 
expressing pan-neuronal Aβ. In the same animals, neuromuscular function was significantly 
enhanced by apigenin as reflected by B) pharyngeal pumping rates and C) average and 
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maximum crawling velocity. D-E) Age-related autofluorescence (λ = 447 nm) was also 
significantly decreased by treatment. All measurements were taken at day 7. *p < 0.05.  
 

The relationship between tau and oxidative stress is less established than that of Aβ. 

However, oxidative stress and tau hyperphosphorylation are thought to be part of a vicious cycle 

in which each promotes the other (62). To determine if apigenin’s protective effects extend to 

tau-related pathology, we performed lifespan and healthspan analyses on treated and untreated 

worms expressing pan-neuronal human pathological tau. Similar to our findings in Aβ transgenic 

animals, we observed a significant increase in median lifespan in apigenin-treated tau-

expressing animals (Figure 3.6A), accompanied by significant increases in neuromuscular 

function (Figure 3.6B,C) and significant decreases in 447 nm autofluorescence (Figure 

3.6D,E). Together, these data indicate that apigenin may have broad protective effects against 

AD-associated proteotoxic stress in C. elegans. 

 

Figure 3.6. Apigenin improves healthspan in tau-expressing C. elegans. A) Median 
lifespan was significantly extended in apigenin-treated worms (Control n = 51, Apigenin n = 69) 
expressing pan-neuronal tau. In the same animals, neuromuscular function was significantly 
enhanced as reflected by B) pharyngeal pumping rates and C) average and maximum velocity. 
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D-E) Age-related autofluorescence (λ = 447 nm) was also significantly decreased by apigenin. 
All measurements were taken at day 7. *p < 0.05. 
 

Finally, although we observed significant increases in median lifespan and healthspan in 

pan-neuronal Aβ and tau worms treated with apigenin, it remained unclear if apigenin 

specifically protects against individual pathological proteins, or if it simply attenuates 

accelerated aging effects due to these proteins. Therefore, to better understand if apigenin was 

protective against Aβ and tau specifically, we performed separate paralysis assays of Aβ- and 

tau-expressing strains. We found that apigenin significantly delayed paralysis onset in 

transgenic animals expressing temperature-inducible Aβ in muscle (Figure 3.7A). Similarly, we 

observed a significant delay in paralysis of apigenin-treated worms with constitutive tau 

expression in muscle, as reflected by greater average and maximum velocities (Figure 3.7B). 

These findings suggest that apigenin improves functional outcomes in models of AD-associated 

proteotoxic stress. Taken together with our data in wild-type aging worms, these results further 

support apigenin as a novel compound for attenuating age- and disease-related functional 

declines, including against neurodegeneration-relevant proteins.  
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Figure 3.7. Apigenin protects against AD protein-induced paralysis. A) Aβ-induced 
paralysis (CL4176 strain) was significantly delayed with apigenin treatment. All worms were 
completely paralyzed by 35 hours post-induction. B) Tau-induced paralysis was also delayed by 
apigenin treatment, as reflected by significantly increased average and maximum velocity in 
treated vs. untreated tau-expressing animals (KAE112). *p < 0.05. 
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DISCUSSION 

Apigenin is a naturally occurring compound found in fruits, vegetables, and tea (63). It is 

among the most extensively studied and well-characterized flavonoids, with reported therapeutic 

potential in multiple disease models (44). In fact, apigenin has been shown to exert beneficial 

effects in the models of cancer (64–68), cardiovascular disease (69,70), diabetes (71,72), viral 

infection (73–75), kidney dysfunction (76,77), and multiple neurodegenerative diseases (78–81). 

Current literature suggests that the mechanisms underlying apigenin’s therapeutic effects may 

be context dependent. For example, in cancer models, multiple studies have shown that 

apigenin induces both cell cycle arrest (25,82) and p53-mediated apoptosis (83–86). Yet, in 

other disease models, data suggest apigenin’s beneficial effects primarily involve either 

antioxidant activity (83) or anti-inflammatory properties (11,87–90), with multiple studies 

documenting reductions in both (63,91,92). Still, the degree to which apigenin is protective 

against aging and age-related neurodegeneration specifically has not been thoroughly 

investigated. The key findings of the present study are that apigenin attenuates aging and age-

related functional declines in C. elegans, as well as neurodegeneration-relevant proteotoxicity, 

and that the most heavily impacted biological pathways in this context are associated with 

oxidative stress and redox homeostasis, supporting apigenin’s potential as an anti-aging 

intervention.  

Several recent studies have examined the therapeutic effects of apigenin and/or its 

metabolites on lifespan and aging phenotypes, yet reports have suggested various mechanisms 

with no clear consensus (93–95). To our knowledge, only two studies in higher organisms have 

tested the effects of apigenin on the aging brain, and although both demonstrated beneficial 

effects, one study suggested an antioxidant mechanism of action, while the other suggested 

primarily anti-inflammatory properties (11,96). These findings highlight a lack of consensus on 

the biological pathways by which apigenin influences aging and neurodegeneration. To address 
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this, we performed a broad analysis of apigenin’s effects on aging in wild-type C. elegans, 

incorporating lifespan, functional, and transcriptomic readouts. First, we found that apigenin 

increases both median lifespan and neuromuscular function while reducing age-related 

autofluorescence (a readout of macromolecular damage accumulation) in wild-type worms, 

consistent with reports of apigenin’s effects on neuronal aging (11,96) and muscle physiology 

(97,98) in rodents. Additionally, apigenin appeared to have minimal effects against age-related 

neurodegeneration, despite in vitro reports showing protection against peripheral nerve 

degeneration (61). We then tested apigenin’s effects in multiple transgenic C. elegans reporter 

strains at mid-life, with an emphasis on reporters for oxidative stress and inflammation 

pathways. We found that apigenin-treated animals had reduced expression of daf-16, a FoxO 

ortholog (a transcription factors acting as a master regulators of cellular homeostasis, longevity, 

and stress resistance) and key mediator of stress response and longevity in C. elegans, 

suggesting lower age-associated cellular stress in treated animals (99). We also observed 

decreased expression of both skn-1b/c and gcs-1p, key readouts of oxidative stress signaling in 

C. elegans, with no changes in muscle mitochondria reporters, consistent with a mechanism of 

reduced oxidative stress rather than mitochondrial remodeling (100–102). We note, however, 

that we did not directly measure mitochondrial function or reactive oxygen species (ROS) 

production, and therefore could not distinguish between reduced upstream stress signaling and 

direct effects of apigenin on mitochondrial or redox processes. Importantly though, we found 

that apigenin reduced expression of mpk-1 (the C. elegans ERK/MAPK ortholog) but not nlp-

29p (a marker of innate immune activation), suggesting that innate immune pathways may not 

be a primary target of apigenin in aging C. elegans (103–106). These reporter data indicate 

reduced activation of canonical stress response pathways during aging, consistent with a model 

in which apigenin may lower basal cellular stress.  

Importantly, although hormetic mechanisms have been proposed to underlie the 

beneficial effects of many phytochemicals, including apigenin, this reduced expression of stress 
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response reporters does not support a chronic hormesis response (107,108). While we did not 

assess early or transient responses and therefore cannot exclude a role for hormesis, our 

findings suggest apigenin may act through alternative mechanisms that reduce basal age-

associated stress signaling while preserving homeostatic systems (rather than inducing stress 

adaptation). Interestingly, apigenin was recently demonstrated to reduce ROS accumulation by 

preserving SIRT1 levels in a mouse model of heart injury, and computational analyses predicted 

that apigenin may directly bind to and activate SIRT1 (59). This finding potentially explains the 

diverse therapeutic effects observed across studies, as SIRT1 is a deacetylase that regulates 

multiple key processes intersecting with lifespan, neurodegeneration, obesity, heart disease, 

and cancer (109). Both SIRT1 and the C. elegans ortholog sir-2.1 modulate multiple biological 

processes associated with aging (110), including the regulation of FoxO (111)/daf-16 (112) 

signaling and oxidative stress responses (113,114). These observations align with our findings 

too, in that apigenin may have mediated the observed effects through sir-2.1 upstream of skn-

1/daf-16, although this remains to be tested directly. Future studies should examine the effects 

of apigenin in transgenic sir-2.1 loss- and gain-of-function mutant animals to determine whether 

sir-2.1 activity is necessary for lifespan and healthspan effects.  

To provide broader insight into the effects of apigenin on aging biology, we performed 

transcriptomics (RNA-seq). We found that age-related transcriptional shifts were blunted in 

apigenin-treated worms, consistent with our autofluorescence and reporter strain imaging 

analyses. Treatment was also associated with a broad “reversal” of many age-dependent gene 

expression patterns in mid-life animals, driven primarily by genes reflecting oxidative stress-

related metabolic processes in the nervous system (in line with our in vivo observations of 

reduced oxidative stress and preserved neuron integrity in treated animals). Additionally, some 

pathways/transcriptional signatures were “maintained” by apigenin during aging (i.e., declined in 

untreated aging worms but were preserved with treatment). These were enriched for 

genes/transcripts involved in lysosomal and phagosomal pathways, ATPase-coupled 
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transporters, ion homeostasis, redox metabolism, and lipid metabolic processes. Key 

antioxidant buffering systems (glutathione and ascorbate/aldarate metabolism (115,116)) also 

declined with age but were maintained with apigenin treatment, consistent with the idea of 

preserved redox homeostasis. Notably, C. elegans often upregulate a suite of oxygen- and 

heme-binding enzymes as part of an age-associated oxidative stress response (117,118), and 

in our data, we observed an enrichment for cyclic-nucleotide signaling, heme-binding redox 

enzymes, and metalloproteases among genes that were increased with aging but attenuated by 

apigenin. These transcriptomic analyses indicate apigenin suppresses redox-sensitive stress 

signaling networks in aging C. elegans, while preserving some key cellular homeostatic 

processes that decline with age. Interestingly, another nutraceutical (α-ketobutyrate) specifically 

known to interact with sir-2.1 has shown similar therapeutic efficacy, extending lifespan and 

healthspan mediated by enhanced autophagy and redox-buffering (119).   

 Finally, because oxidative stress is a well-characterized feature of AD (120) and 

apigenin has shown promise as a therapeutic in models of neurodegenerative disease (121), we 

evaluated the effects of apigenin in transgenic C. elegans strains expressing AD-associated 

pathological proteins (i.e., Aβ and tau). In animals expressing either Aβ or tau in neurons, we 

observed protective effects of apigenin on lifespan, neuromuscular function, and age-related 

autofluorescence. This was consistent with previous studies on apigenin’s protective effects 

against AD-pathology in mice (78) and in cultured neurons (79,122). However, we also found 

that for C. elegans strains expressing either human Aβ or tau in muscle, apigenin significantly 

delayed paralysis, suggesting that its protective effects may extend to disease-associated 

proteotoxicity, and are not just mediated by reducing age-related declines (although in the case 

of tau, we were not able to completely separate aging effects from proteotoxicity).  

Collectively, the data from this study lend additional support to the idea that apigenin 

may be a promising anti-aging/neurodegeneration therapeutic. We also provide new 

mechanistic insight into these therapeutic effects, showing that apigenin acts to suppress redox-
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sensitive stress response signaling while preserving homeostatic processes that deteriorate with 

age and disease. Key limitations to our study are that the reporter strain and RNA-seq data 

were cross-sectional and not based on cause-and-effect evidence. Additionally, C. elegans has 

inherent limitations when modeling neurodegeneration as they lack a centralized brain structure 

and true glial cells like vertebrates. Based on our findings, future studies dissecting apigenin’s 

mechanisms of action should test its effects in transgenic C. elegans strains with mutations in 

sir-2.1, skn-1, and daf-16 while making more direct measures of proteostasis and oxidative 

stress. Additional studies will also be needed to determine how similar pathways are modulated 

with aging and apigenin in higher model organisms to establish translational relevance. In the 

meantime, our data add to the literature suggesting apigenin as a promising intervention for 

age-related functional declines and identify stress-responsive/homeostatic pathways that may 

underlie its effects. 
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CHAPTER 4 – WILDFIRE SMOKE EXPOSURE ACCELERATES AGE-RELATED 
FUNCTIONAL DECLINE IN CAENORHABDITIS ELEGANS3 

 
 
 

INTRODUCTION 

Wildfire events are increasing in frequency and duration due to climate change, making 

rising levels of wildfire smoke (WFS) a significant contributor to air pollution in the United States 

and abroad (1, 2). These events have contributed to increasing mean summertime fine 

particulate matter (PM2.5, diameter < 2.5 μm) levels (3, 4), and despite a degree of inherent 

uncertainty in forecasts (5), major increases in wildfire incidence are expected to occur in the 

coming decades (2). The WFS that results from these fires contains a mixture of hazardous air 

pollutants that have been repeatedly associated with respiratory disease and premature 

mortality in the general population (6, 7). Among them, the most frequent hospitalizations occur 

from chronic obstructive pulmonary disease (7, 8), asthma (7, 9), and cardiopulmonary-related 

events (3, 10-12). Indeed, analyses of cardiopulmonary hospitalizations in California have 

shown that even light-to-moderate smoke exposure is associated with increased risk of 

hospitalization (10), and recent reports have identified WFS exposure as a significant risk factor 

for dementia (13). Globally, WFS is estimated to be associated with 339,000 deaths annually, 

but this number is expected to rise substantially as the frequency of wildfires increases (14). In 

the United States, climate-driven increases in wildfire smoke PM2.5 are projected to contribute to 

approximately 23,800-27,800 deaths annually by 2050 (15), making the need to better 

understand the biological consequences of WFS exposure an important research priority. 

Recent work has suggested that WFS may negatively interact with the biological hallmarks of 

aging and potentially accelerate the aging process (16), which could in part explain its 

association with mortality and chronic disease risk. Furthermore, a comparison of nine PM 

exposure sources across the U.S. over a 10-year period reported that WFS had one of the 

strongest correlations with dementia incidence (13), underscoring WFS’ potential for age-related 
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neurological impacts. However, the functional consequences underlying WFS-induced aging 

toxicity remain largely uncharacterized.  

Caenorhabditis elegans (C. elegans) is a well-characterized in vivo model organism that 

enables efficient screening of distinct airborne particulate samples collected in the lab or from 

nature. C. elegans has become popular in many fields of biological science (including aging 

research) for its ease of use in the laboratory, short lifecycle (~3 days), short lifespan (~25 

days), large brood size, optical transparency, and well-annotated genome and connectome (17). 

Importantly, although C. elegans lack a respiratory system, it has numerous conserved stress-

response and detoxification pathways that help predict toxicity in mammals (18). As such, C. 

elegans have been shown to be a useful toxicological model when studying PM2.5 from a variety 

of sources such as diesel, urban, coal, and dust extracts (19-24). Particulate exposures from 

these sources impact C. elegans lifespan, reproduction, locomotion, induction of reactive 

oxygen species (ROS) (20), and the unfolded protein response (UPR) (23). Additionally, the 

adverse effects of common inhalable pollutants (e.g., tobacco and e-cigarette smoke) have 

been well-characterized using C. elegans as a model organism (25, 26). Importantly, a recent 

study has found ambient PM2.5 exposure can reduce nematode lifespan and healthspan, with 

evidence implicating disruption of conserved longevity-associated pathways such as 

insulin/IGF-1 signaling and downstream daf-16 regulation (27). However, whether WFS-derived 

PM2.5 induces aging-relevant functional decline or produces persistent intergenerational effects 

remains poorly characterized. 

Therefore, in the present study, we hypothesized acute WFS exposure would accelerate 

age-associated health and functional decline in C. elegans. We show that a single exposure is 

sufficient to reduce lifespan and impair locomotion, and that these effects are largely resolved in 

the unexposed progeny. RNA-seq analyses also suggest that acute WFS PM2.5 exposure 

induces aging-like transcriptomic signatures, consistent with previous literature reports (16)  

demonstrating that WFS exposure is a risk factor for multiple age-associated diseases and the 
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idea that WFS may affect age-related mechanisms of functional decline. Together, our findings 

establish C. elegans as a valuable in vivo platform for elucidating the biological effects of WFS 

PM2.5 exposure at the intersection of toxicology and aging. 

 

METHODS 

Generation of Wildfire Smoke Solution 

Simulated wildfire smoke was generated in a custom-designed quartz-tube furnace 

system housed at Colorado State University and inspired by DIN 53436 (28, 29). Douglas Fir 

branches were sourced from Livermore, CO as a regionally representative fuel prevalent in fire-

prone ecosystems. Douglas Fir needles were dried at 75 °C for 72 hours and then combusted at 

smoldering temperatures (450 °C) where the resulting smoke was collected onto quartz fiber 

filters. Particulate matter from a nearly identical system – designed by the same consultant – 

and from the same source averaged 100 nm in size (28). Quartz fiber filters laden with whole 

particulate matter were placed into pre-weighed 15 mL Eppendorf tubes with 100% methanol 

and sonicated for 30 minutes. Methanol was then evaporated under a direct nitrogen stream 

after which the filter was removed and the tube was reweighed. The pre- and post-weights were 

compared against each other to determine total particulate matter collected, and dried 

particulate was resuspended in M9 worm buffer and kept at -20 °C until experimentation. 

 

Worm Culture and Exposure 

Wild-type N2 strain hermaphrodites used in this study were obtained from the 

Caenorhabditis Genetics Center (CGC), University of Minnesota, Minneapolis, USA. Worms 

were cultured on 10 cm petri dishes containing standard nematode growth medium (NGM) (30)  

with a bacterial food Escherichia coli OP50 20 °C. Standard 5% hypochlorite treatment 

procedure was used on N2 hermaphrodites for age-synchronized egg populations. 

Synchronized eggs were incubated on NGM plates without OP50 food to obtain age-
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synchronized L1 worms. Synchronized worms were then placed on NGM plates containing 

OP50 and incubated at 20 °C for 48 hours to obtain age-synchronized L4 stage larvae for 

experiments. L4-stage nematodes were then transferred to 6 cm NGM plates containing 

experimental concentrations of WFS solution that had been allowed to dry into a film, while 

control groups were exposed to M9 for 24 hours prior to data collection. For range-finding 

lifespan experiments, nematodes were exposed to WFS PM2.5 concentrations of 10, 100, 500, 

and 1000 µg/mL. Based on these results, subsequent lifespan and neuromuscular function 

studies used lower concentrations of 0.095, 0.95, 3, 9.49, and 30 µg/mL. Intergenerational 

locomotion and morphology experiments used 10, 50, and 100 µg/mL WFS PM2.5, and RNA-seq 

experiments used 0 or 30 µg/mL WFS PM2.5. Following 24-hour exposure beginning at the L4 

stage, nematodes were assessed at various defined timepoints. Lifespan tracking began with 

day 1 adults while neuromuscular function of the same animals was assessed at day 10 of 

adulthood. Intergenerational assessments used P0 & F1 worms after development to adulthood 

(approximately 72 hours). For RNA-seq experiments, exposed and control nematodes were 

aged to day 5 or day 10 of adulthood prior to collection. All experimental plates contained OP50 

food lawns.  

 

Survival Assay – Range Finding 

L4-stage nematodes were placed on NGM plates with 5-fluoro-2′-deoxyuridine (FUdR) to 

prevent progeny production and subsequently exposed to WFS for 24 hours. Animals were then 

transferred to 96-well plates (10 worms/well), incubated at 20 °C, and assessed for mortality 

every 24 hours. FUdR concentrations were kept at 60 uM in exposure plates and lifespan assay 

wells. OP50 solutions were added to each well as a food source. Death was determined by 

assessing mobility and response to prodding with a worm pick. 17-67 worms were used per 

condition. 
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Survival Assay – Lifespan & Neuromuscular Function 

Lifespan experiments were performed using a NemaLife Infinity apparatus (NemaLife 

Inc.) as previously reported (31, 32). Briefly, NemaLife microfluidic chips were cleaned with 

ethanol, incubated with 50 mg/mL pluronic F-127 (Sigma-Aldrich) at room temperature for one 

hour to prevent fluid aggregation, and then washed with M9 buffer prior to the addition of 50–75 

treated or untreated day 1 adult C. elegans. All chips were maintained at 20 °C while being 

washed, fed (20 mg OP50/mL NGM solution), and video recorded daily. Each day, 90-second 

videos of the NemaLife microfluidic arena were used to quantify living nematodes 

(washing/feeding stimulates nematodes, which were classified as “alive” if they moved during 

the video duration).  

Pharyngeal pumping was assessed at the approximate median lifespan (day 10) 

untreated N2 according to standard NemaLife procedures (31). Individual C. elegans pharynges 

were observed in NemaLife chips placed under a stereo microscope (Tritech Research) at 50x 

magnification. Contractions were manually recorded over a 60-second interval for 6 nematodes 

per condition. 

Velocity data were generated in WormLab (MBF Bioscience LLC) software using videos 

taken on the NemaLife apparatus during lifespan assays. Briefly, all videos were trimmed to 30 

seconds and cropped to include only the microfluidic arena, which was measured to calculate 

pixel size of the resized video, and the threshold level was adjusted for optimal contrast 

between the worms and their background (light on dark). Tracking was analyzed using default 

parameters except for the following changes; ‘detection parameters’ – area min: 0, length min: 

1, width min: 0.5, width/length ratio min: 0.05, max: 0.3, detection fit min: 0.25, registration fit: 

0.05, detection frequency: 15 frames, predominant direction: forward, fitting iterations: 130; 

‘tracking parameters’ – max tracked hypothesis: 3, minimum track duration: 3. After WormLab’s 

automated tracking, individual tracks were manually repaired using the "remove" and "join" track 

functions. Average speeds were exported to Excel for calculation of average velocities, and only 



 
81 

velocity data for worms tracked for more than half of the video duration were included in the final 

calculations. 

 

Intergenerational Locomotion Assessment 

Treated L4-stage nematodes were cultured on 6 cm NGM agar plates as described 

above prior to video collection with a ZEISS Stemi 305 dissection microscope (ZEISS 

Microscopy). After video collection, nematodes in the P0 exposure group were transferred to 

untreated NGM agar plates to lay eggs in the presence of food for 1–2 hours. The exposed P0 

nematodes were then removed, and the eggs were incubated at 20 °C until they progressed 

past the L4 stage, approximately 72 hours later. Videos of the F1 nematodes were collected and 

assessed alongside P0 videos via Wormlab. Three technical replicates were used to control for 

batch effects. Similar parameters to those described in the Nemalife assessment were used for 

the assessment of intergenerational locomotion. Briefly, videos were collected for 60 seconds, 

and the threshold level was adjusted to 100 to maintain optimal contrast between the worms 

and their background. Tracking was collected according to default parameters, with certain 

modifications as listed above. The track summary data was exported to Excel for subsequent 

analysis, and only worms tracked for at least half the video duration were included in the final 

data set. In P0 worms the final sample sizes were: Control, n = 94; 10 µg/mL, n = 89; 50 µg/mL, 

n = 127; and 100 µg/mL, n = 62 animals. 

 

RNA Extraction & Bioinformatics 

Wild-type C. elegans with or without 24-hour L4 WFS exposure were aged to day 5 or 10 

(to reflect younger and middle life). Triplicates of roughly 100 nematodes for each condition 

were collected in standard M9 buffer (50 µL). TriZol Reagent (200 µL, Zymo Research) was 

mixed into samples, which were subsequently frozen in liquid nitrogen, thawed at room 

temperature, and vortexed repeatedly before centrifugation to disrupt worm cuticles. 
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Supernatant was carefully transferred to a new microfuge tube, and RNA was recovered and 

purified using an RNA-specific spin column kit (Direct-zol RNA Microprep, Zymo Research) 

which included DNaseI treatment to remove genomic DNA. Purified RNA was analyzed on a 

NanoDrop Spectrophotometer (ThermoFisher Scientific) and on a Qubit instrument with an RNA 

IQ Assay Kit (Thermo Fisher Scientific Inc) for concentration and quality. All samples had an 

absorbance 260/280 ratio >2.0, and an RNA integrity number >7.0. PolyA libraries were 

prepared from isolated RNA using random hexamer primers and sequenced on an Illumina 

NovaSeq instrument with 151bp reads (Novagene).  

Transcriptome data analyses were performed on raw sequencing data as recently 

reported (32-35) . Reads were trimmed and filtered with the fastp program (36) and then 

mapped to the C. elegans (ce11) genome with the STAR aligner (37) . Gene counts were 

analyzed for differential expression in R using DESeq2 software (38), and significant differences 

were determined using the default Wald test and adjusted p-values. Normalized counts 

extracted from DESeq2 were used for all statistical analyses, and gene ontology was performed 

using g:Profiler (39). 

 

Statistical Analysis 

Statistical analysis for lifespan assays were performed using a Log-rank (Mantel-Cox) 

test. Prior to statistical testing, normality was assessed using Shapiro-Wilk, and Brown-

Forsythe’s test was used to check for the homogeneity of variance. For comparison between 

groups, one-way ANOVA as used when assumptions of normality and homogeneity of variance 

were met, followed by Tukey’s post-hoc test. In instances of nonparametric data, such as in the 

case of non-normal distributions of results, a Kruskal-Wallis test was performed with Dunn’s 

post-hoc test for multiple comparisons. Neuromuscular readouts from microfluidic lifespan 

experiments (pharyngeal pumping and average velocity) were determined using a one-way 

ANOVA. All statistical analyses were performed using GraphPad Prism (version 10.6.0 
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software), except for differential expression (described above under Bioinformatics) and gene 

ontology analyses, in which significance was determined using the R package’s g:Profiler p-

value outputs. The variety of sample sizes across treatments can be attributed to practical 

constraints in the tests used and populations left after post-hoc analysis. 

 

RESULTS 

To understand the effects of WFS-derived PM2.5 on the longevity of C. elegans, an initial 

range-finding lifespan assay was conducted in 96-well plates after a 24-hour exposure to WFS 

doses spanning 10 µg/mL–1000 µg/mL, as described in Figure 4.1.  

 
Figure 4.1. Graphical abstract showing order of experiments. L4 nematodes were exposed 
to simulated wildfire smoke (WFS) for 24 hours, then assessed for lifespan, behavior, and 
transcriptomic effects. 
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We found that high doses (500–1000 µg/mL) resulted in complete population mortality 

within 6 days, and that intermediate doses (10–200 µg/mL) were associated with reduced 

population survival rate compared to controls (Figure 4.2).  

 
Figure 4.2. High WFS exposure doses are associated with dose-dependent decreases in 
lifespan. A 24-hour WFS exposure to L4 nematodes results in decreased maximum and 
median lifespan compared to controls. Survival assay data significance was determined via Log-
rank (Mantel-Cox) test. Sample size: Control (n = 17), 10 µg/mL (n = 67), 100 µg/mL (n = 40), 
200 µg/mL (n = 6), 500 µg/mL (n = 46), 1000 µg/mL (n = 47). * P < 0.05. 
 

Based on these results, we used a refined half-log dosing regimen (0.95, 3, 9.49, 30 

µg/mL) for further investigation. Subsequent lifespan studies in microfluidic chips following a 24-

hour exposure showed that a single 30 µg/mL dose of WFS was sufficient to decrease 

maximum lifespan (by ~16%) but not median lifespan (Figure 4.3A). All other treatment groups 

had similar lifespan profiles compared to controls (Supplementary Figure 4.1). However, lower 

WFS concentrations still affect healthspan and physiological function. For example, analysis of 
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day 10 pharyngeal pumping rates (an indicator of overall animal health that declines with age 

(40)) showed dose-dependent reductions in WFS-exposed nematodes housed in microfluidic 

chips, in which the highest dose (30 µg/mL) reduced pumping rate by ~75% compared to 

untreated controls (Figure 4.3B). WFS exposure in day 10 nematodes was also associated with 

decreases in normalized average velocity, although these effects were only significant at the 

highest doses (~20% reduction vs. controls, Figure 4.3C).  
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Figure 4.3. Low WFS exposure doses are associated with decreased neuromuscular 
function. A) Nemalife lifespan assay showing decreased maximum lifespan, but not median 
lifespan with WFS exposure. Sample size: Control (n = 101), 30 µg/mL WFS (n = 63). WFS 
exposure decreased neuromuscular function as reflected by B) decreased pharyngeal pump 
rate; and C) declines in average velocity at day 10 of adulthood. Data are presented as a 
survival curve for lifespan and as a bar plot with mean ± standard deviation with individual 
animals represented as points. Survival assay data significance was determined via Log-rank 
(Mantel-Cox) test. Intergenerational locomotion data significance was determined via ordinary 
one-way ANOVA with Tukey’s post-hoc test with a single pooled variance. In instances of 
nonparametric data, a Kruskal-Wallis test was used with Dunn’s post-hoc test for multiple 
comparisons was used. * P < 0.05. 
 

In P0 nematodes, we found that the highest dose, 100 µg/mL, was associated with 

significant increases in body length (Figure 4.4A), area (Figure 4.4B), and straight-line distance 

(Figure 4.4C), which approximately doubled compared to controls. Additionally, despite no 

change in peristaltic track length (Figure 4.4D), the peristaltic speed in nematodes exposed to 

50 µg/mL was significantly decreased (by ~25%) compared to controls (Figure 4.4E). Similarly, 

the number of reversals in P0 C. elegans exposed to 100 µg/mL WFS was significantly 

decreased (by ~25%) compared to controls (Figure 4.4F), despite no change in distance 

traveled (Figure 4.4G,H). Notably, the doubling in straight-line distance was the only locomotion 

readout from WFS-exposed P0 nematodes that showed significant intergenerational persistence 

into the unexposed offspring (Supplementary Figure 4.2). 
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Figure 4.4. WFS exposure impacts locomotion and morphology in day 3 adult P0 worms. 
P0 nematodes were assessed for A) length; B) area; and C) straight-line distance which were 
all increased at the highest dose. D) Track length was unchanged by WFS exposure; but E) 
speed; and F) reversal number decreased in nematodes treated with the second highest and 
highest WFS concentration, respectively. Both G) distance traveled forward; and H) distance 
traveled reverse showed no change with WFS exposure. Data are presented as a bar plot with 
mean ± standard deviation with individual animals represented as points. Significance was 
determined via a Kruskal-Wallis test with Dunn’s post-hoc test for multiple comparisons. Sample 
size: Control (n = 94), 10 µg/mL (n = 89), 50 µg/mL (n = 127), 100 µg/mL (n = 62). * P < 0.05. 
 

To determine which biological processes may underly the WFS-induced functional 

declines observed in vivo, we analyzed mRNA levels from treated and untreated nematodes at 

5 and 10 days post-exposure. Among all conditions, biological aging (Figure 4.5A) had stronger 

effects on the overall transcriptome than a single WFS exposure alone (Figure 4.5B-D). 

However, we also found that the topmost increased and decreased genes/transcripts 

associated with aging (i.e., in day 10 vs day 5 controls) were also largely increased and 

decreased in day 5 WFS vs day 5 control nematodes (Figure 4.5E, leftmost and rightmost 

columns in heatmap). Among the top 1000 most upregulated genes with aging, 74% were also 
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increased in day 5 WFS-exposed nematodes, and among the top 1000 most downregulated 

genes with aging, 82% were also decreased in day 5 WFS-exposed C. elegans. This similarity 

in transcriptome patterns suggested that WFS PM2.5 exposure may induce “accelerated aging” 

at the transcriptional level.  

 

 
 
Figure 4.5. WFS exposure shows signs of accelerated aging. A-D) Volcano plots showing 
differential expression of all transcripts in multiple comparisons. E) Heatmap showing the top 
1000 most increased and top 1000 most decreased genes with aging, and their expression 
patterns across identical comparisons (far left and far right panels in conjunction suggest 
possible accelerated aging phenotype).  
 

To further evaluate this possibility, we performed gene ontology analyses on the 

differentially expressed genes/transcripts that were similarly increased or decreased with both 

WFS exposure (WFS day 5 vs control day 5 nematodes) and aging (day 10 control vs day 5 

control nematodes). We found that the increased genes/transcripts associated with this “WFS 

accelerated aging” were enriched for pathways related to oxidation and phase I metabolism 
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(Figure 4.6A), consistent with previous reports showing that oxidative phase I metabolism is 

involved in the detoxification of harmful environmental compounds (41). The topmost decreased 

genes/transcripts associated with WFS accelerated aging were overwhelmingly related to 

muscle function and organization (Figure 4.6B), consistent with our in vivo neuromuscular 

function data showing declines in pharyngeal pumping and locomotion. Importantly, many of 

these upregulated genes/transcripts were also members of canonical aging pathways in C. 

elegans (e.g., insulin/IGF-1 signaling) (42-45). Together, these data provide evidence that WFS 

associated with PM2.5 may accelerate tissue aging at the transcriptional level. 

 
Figure 4.6. Gene ontology terms from genes in WFS D5 vs Control D5 that follow the 
same trend seen in the aging (Control D10 v D5) comparison. A) Topmost increased genes 
associated with accelerated aging are linked to phase I metabolism. B) Topmost decreased 
genes associated with accelerated aging are linked to muscle function. 
 

DISCUSSION 
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The incidence of wildfires is increasing worldwide, due to climate change enhancing the 

likelihood while simultaneously challenging suppression efforts (1, 46). The resulting smoke 

from these wildfires contains potentially harmful PM2.5 with a composition that varies depending 

on the surrounding ecosystem involved (47). PM2.5 from various sources has been associated 

with multiple age-related diseases (48-50), suggesting it may be interacting with biological 

mechanisms of aging. However, exactly how PM2.5 intersects with aging, and how regional WFS 

exposures influence functional outcomes has not been thoroughly investigated. C. elegans is a 

popular model organism in biological aging research and has also been widely used to study 

toxicity associated with pollution and cigarette smoke, yet to our knowledge, no studies to date 

have examined the effects of WFS on their healthspan and lifespan (26, 51-53). In the present 

study, we show that a single acute exposure to simulated WFS PM2.5 is sufficient to reduce 

lifespan, impair neuromuscular function, alter locomotion and morphology, and induce aging-like 

transcriptomic signatures in C. elegans. These findings provide new evidence that WFS-derived 

PM2.5 can influence conserved biological processes associated with functional decline. 

The reported concentrations reflect nominal PM2.5 mass suspended in buffer and applied 

to agar plates, rather than an inhaled dose. Therefore, these values should not be interpreted as 

direct equivalents to ambient human PM2.5 concentrations. Instead, this exposure paradigm 

provides a controlled mass-based approach for evaluating biological responses to WFS-derived 

particles across a defined dose range. Similar paradigms based on nominal mass exposures 

are widely used in C. elegans particulate matter toxicology studies (22, 54, 55) and are useful 

for identifying dose-dependent toxicity patterns and prioritizing mechanistic follow-up studies. 

We found that a single 24-hour exposure to simulated WFS PM2.5 is sufficient to accelerate 

functional decline (i.e., decrease healthspan) and reduce lifespan, consistent with research 

showing that PM from multiple sources can shorten nematode lifespan and locomotion, often 

through oxidative stress and phase I metabolism pathways (22, 54, 55). Even at sub-lethal 

doses, WFS exposure caused dose-dependent neuromuscular declines by day 10 of lifespan, 
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reflected by decreases in pharyngeal pumping and average crawling velocity. These WFS-

associated effects on neuromuscular decline appeared to be age-dependent, as day 10 worms 

displayed significant decreases in average velocity following exposures to concentrations as low 

as 3 µg/mL, while worms observed at day 3 displayed mixed peristaltic speed results beginning 

at concentrations of 50 µg/mL and higher. Interestingly, this is consistent with reports on diesel 

exhaust particles showing altered neuron function and behavior in C. elegans, indicating that 

airborne particle suspensions may disrupt the nematode’s nervous system (56).  

The F1 generation’s resilience in terms of locomotion and gross morphological effects 

may be the result of efficient intergenerational repair mechanisms, i.e., intergenerational 

germline erasure of chromatin/epigenetic marks, and small-RNA inheritance that is dose and 

duration limited unless repeatedly reinforced. The germline can regulate itself via histone-

modifying enzymes and embryonic reprogramming pathways (e.g., LSD-1/SPR-5–linked 

demethylation and related germline chromatin resets) to purge parental phenotypes during 

gametogenesis and early embryogenesis (57, 58). Additionally, inherited small-RNA responses 

can act as a tunable generational memory which can persist for generations before fading 

without continued stressors (59). However, strong initiating stimuli (e.g., piRNA-induced 

silencing) (60) or repeated activations (61) can extend the duration of inheritance. Given these 

mechanisms, it is possible that a single, sub-lethal WFS exposure in the parental generation 

may fall below the threshold needed for stable inheritance into the F1 generation via germline 

remodeling. Therefore, future studies should examine how either multiple exposures and/or 

chronic exposure to WFS PM2.5 could overcome germline reprogramming to drive functional 

decline in F1 nematodes. 

To better understand the biological processes underlying the in vivo functional declines 

we observed, we analyzed RNA from treated and untreated day 5 and day 10 nematodes. In 

our initial bioinformatics analysis, the effects of aging alone (day 10 vs. day 5 controls) drove 

stronger transcriptional changes than WFS exposure. However, further analysis revealed that 
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these age-associated modulations were largely mirrored in day 5 WFS-exposed worms, 

suggesting that their transcriptome resembled that of day 10 controls. This pattern is consistent 

with a recent report suggesting that WFS-derived PM2.5 may be associated with accelerated 

aging in humans (62). Additionally, when performing gene ontology (GO) analyses on the 

topmost increased genes associated with this accelerated aging-like pattern, we found that the 

most upregulated transcriptional signatures were centered around phase I metabolism, 

consistent with multiple reports linking PM to oxidative-stress and antioxidant pathways in C. 

elegans (22, 27). Conversely, when analyzing the topmost decreased genes associated with 

accelerated aging, GO terms were overwhelmingly enriched for the downregulation of muscle 

function. These findings were consistent with our in vivo observations of significant declines in 

multiple readouts of neuromuscular function, and with previous reports suggesting that muscle 

function is negatively impacted in wildland firefighters (63-65). Our findings also support the 

results of broader C. elegans studies in which oxidative and mitochondrial stressors, such as 

rotenone (66) and paraquat (67), reduce lifespan and healthspan-related outcomes like 

locomotion and pharyngeal pumping. However, these results are purely correlational and future 

studies examining WFS on age related functional decline should interrogate how oxidative-

stress related pathways might influence lifespan and healthspan related outcomes. By linking 

aging-like transcriptomic signatures with measurements of functional decline, these data 

suggest WFS PM2.5 exposure may have healthspan effects that extend beyond immediate 

toxicity.  

Several limitations should be considered when interpreting these findings. First, because 

C. elegans lack a respiratory system, the exposure paradigm used here does not replicate 

inhalation exposure in mammals, despite conserved stress response and signaling pathways. 

Second, although the WFS particles were generated under controlled combustion conditions, 

detailed chemical characterization of the extracted PM2.5 was not performed, limiting our ability 

to attribute the observed effects to specific smoke constituents. Third, it’s possible that the 
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aging-like transcriptomic signatures and functional decline we observe could have some root in 

unresolved injury following WFS exposure, and future time-course studies may be needed to 

determine the role of persistent damage versus true accelerated aging. Finally, the 

transcriptomic analyses are correlative and should be followed by mechanistic studies targeting 

candidate pathways. Despite these limitations, the suitability of C. elegans as a model provides 

an opportunity to compare different WFS sources and test interventions targeting aging through 

well-studied,lifespan-modifying strains such as daf-2 & daf-16 mutants in the context of 

healthspan decline in future work. 

Taken together, our findings indicate that even a single, acute WFS exposure can 

exacerbate functional decline and steepen an organism’s aging trajectory. In humans, wildfire-

derived PM2.5 is strongly linked to excess respiratory morbidity and mortality (7, 10, 68, 69) and 

these health burdens are projected to increase as wildfire incidence continues to rise (1, 2). 

Although C. elegans do not model human respiratory disease directly, the observed decline in 

locomotion and pharyngeal pumping provide functional evidence that WFS-derived PM2.5 can 

disrupt conserved neuromuscular and aging-associated processes. This is relevant to human 

epidemiological studies linking WFS exposure with age-associated outcomes because oxidative 

stress, altered proteostasis, mitochondrial dysfunction, and chronic inflammatory signaling are 

shared biological features implicated in both PM toxicity and aging-related disease. Thus, the 

current findings should be interpreted as evidence that WFS-derived PM2.5 can engage 

conserved aging-relevant toxicity pathways and serve as a foundation for follow-up studies in 

more complex models. 
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CHAPTER 5 – IMPACTS OF CENTRAL AND SYSTEMIC AGE-RELATED PATHOLOGY ON 

BLOOD-BRAIN-BARRIER INTEGRITY 
 
 

 
INTRODUCTION 

Aging is characterized by progressive declines in multiple cellular and physiological 

functions. Although these well-established and interconnected “hallmarks of aging” have helped 

the scientific community better understand intracellular processes that drive functional declines 

with age, intercellular signaling events (especially cross-tissue signaling cascades) are less 

characterized (1). For example, the hallmarks of brain aging heavily overlap with the hallmarks 

of peripheral/systemic aging, but exactly how age-related dysfunction from peripheral tissue 

intersects with age-related brain decline is not well understood (2). Additionally, as aging is the 

primary risk factor for multiple diseases (including the majority of neurodegenerative diseases), 

a better understanding of how these age-associated processes intersect could lead to the 

identification of targetable mechanisms and therapeutics for a wide range of diseases across 

tissues (3). One important aging hallmark that occurs both systemically and centrally and 

intersects with neurodegenerative disease is chronic inflammation (4,5). This “inflammaging” 

involves low-grade inflammatory signaling that becomes chronically activated with age. 

Although the pathways involved with this inflammatory signaling have been extensively studied 

(6–10), exactly how this sterile inflammation becomes perpetually activated to predispose 

individuals to age-related disease is incompletely understood. Interestingly, growing evidence 

has converged on the idea that systemic age-associated changes may influence CNS 

dysfunction and cognitive decline (11).  

The primary line of thought, is that systemic inflammaging starts via dysfunction in a few 

primary/highly reactive “pacemaker” tissues, where inflammatory signaling cues infiltrate the 

circulation and accelerate decline across the remaining healthier tissues simultaneously (12,13). 

Historically, it was thought that the blood-brain-barrier (BBB) would protect against and prevent 
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this inflammatory crosstalk, however, emerging data show that these peripheral signaling 

cascades do impact the CNS and contribute to the initiation of chronic neuroinflammation (14). 

Importantly, recent evidence has shown that BBB dysfunction is an early and upstream event in 

various neurodegenerative diseases, and some studies have suggested similar BBB 

dysfunction in disease-free aging as well (15). As BBB integrity declines, increased bidirectional 

communication between the periphery and CNS amplifies inflammatory signaling, which 

subsequently induces further BBB permeability (16,17). This vicious cycle of BBB dysfunction 

increasing inflammatory signaling and causing more BBB dysfunction is becoming increasingly 

characterized. Yet, the exact systemic signals that initiate this cycle remine poorly documented. 

Within the CNS, microglia, the brain’s primary immune cells, are central drivers of 

neuroinflammaging by both responding to and propagating inflammatory signaling (18). They 

are transcriptionally dynamic with multiple substates represented in aging and disease (19–24), 

with growing evidence suggesting that microglial states reflect various stages of disease 

progression and pathology (25,26). Although microglia engage in multiple aspects of CNS 

homeostasis including neurogenesis, synaptic pruning, and debris clearance (27–31), their role 

in reacting to the immediate microenvironment also makes them primary drivers of 

neuroinflammation in brain aging and disease (32–37). Despite microglia’s well documented 

role in CNS defense, exactly how microglia mediate the transition from acute and protective 

neuroinflammation to chronic pathological signaling remains less characterized. Interestingly, 

microglia are known to be highly sensitive to systemic circulating factors that cross or modulate 

the BBB (38–40). Yet, exactly how their responsiveness to peripheral signaling contributes to 

neuroinflammaging is largely unknown. 

Importantly, many lifestyle factors may influence neuroinflammaging. For example, 

exercise has been repeatedly shown to attenuate biological aging (41–46) and reduce the risk 

for multiple age-related diseases, with reductions in inflammation and altered circulating 

proteins frequently highlighted as underlying mechanisms (47,48). There also is a strong 
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relationship between greater physical function and reduced cognitive decline, as exercise 

promotes cerebral blood flow,(49) neurogenesis,(50) and synaptic plasticity,(51) all of which 

support cognitive function. Moreover, exercise is among the most potent interventions that 

target multiple aging pathways concurrently, and therapeutic compounds that have proven to be 

particularly effective against aging and age-related disease (e.g., metformin (52), resveratrol 

(53), etc.) show significant overlap in their mechanisms of action with the pathways modulated 

by exercise (54). Despite all of the evidence above, the exact circulating factors that increase 

with aging, modulate the BBB and microglial inflammation, and are reduced by exercise, have 

not been comprehensively characterized. Therefore, in the present study, we identified multiple 

key proteins withing the circulating milieu that are associated with both age and cognitive 

performance. Additionally, we found that these age-associated systemic circulating factors are 

capable of reducing BBB integrity, and that these effects may be attenuated with habitual 

exercise. 

 

METHODS 

Human Participants  

This study was a retrospective analysis of samples collected as part of a cross-sectional 

study of biological aging and exercise. For the present analyses, samples were selected from a 

total of 40 participants from the following three groups: young (18-35 years), disease-free, 

sedentary (≤ 2 days/week exercise) adults (YS, n = 12); older (60-85 years), disease-free, 

sedentary adults (OS, n = 11); and older, disease-free, habitually active (≥ 5 days/week 

exercise) adults (OA, n = 13). In the original study, each participant reported to the lab for one, 

2-hour morning visit after an overnight fast. The visit included screening via health history 

questionnaires, completion of surveys related to exercise habits, perceived life stress and sleep, 

NIH Toolbox cognitive and motor testing batteries (55,56) and a blood draw for downstream 

proteomics and cell culture analyses. This study conformed to the Declaration of Helsinki, all 
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procedures were approved by the Institutional Review Board of Colorado State University, with 

written informed consent obtained from all participants.  

Participant Surveys 

Each participant reported typical physical activity per week over the last year and 

completed a Pittsburgh sleep quality questionnaire (nightly sleep hours) (57), perceived stress 

survey (perceived stress score [PSS]) (58) and subjective age survey (the answer to “how old 

do you feel in years?”) (59), all of which are established metrics of psychosocial and lifestyle 

health.  

 

Cognitive & Motor Function Testing 

Following survey completion, all participants were administered NIH Toolbox cognitive 

and motor function testing in accordance with the protocols detailed by the NIH 

(www.Healthmeasures.net/nih-toolbox). Instructions were provided to participants visually on an 

iPad and orally by the researcher for each test. The cognitive function battery included 8 tests: 

the Flanker executive function test, dimensional card change sort executive attention test, 

picture sequence memory test (for episodic memory), list sorting working memory test, pattern 

comparison processing speed, Rey immediate recall test, and reading and vocabulary language 

tests. As described elsewhere (55), a subset of these tests reflect crystallized cognitive function 

(concrete knowledge), while others contribute to fluid cognitive function (real-time learning, 

short-term memory, and speed), both of which are combined into total composite scores. The 

motor function toolbox battery included a 2-minute walk endurance test, maximal handgrip 

strength, and a pegboard dexterity test. All walk tests were performed on the same 50-foot 

course in a straight, tiled hallway. The same pegboard and handgrip dynamometer were used 

for every visit, and all tests were administered by one researcher to ensure consistency. For the 
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present analyses, scores in all cognitive and motor domains are reported as raw or uncorrected 

scores.  

  

Sample Collection 

Blood samples were obtained via venipuncture of the antecubital vein and collected into 

vacutainer tubes—one for blood chemistry analysis (Piccolo Xpress, Abaxis) of cholesterol, 

triglycerides, and glucose, and one for plasma and serum isolation which were stored at -80 °C 

for future processing and downstream experimentation/analyses.  

 

Proteomics Analyses 

We profiled 1,512 plasma proteins, selected based on previous reports of age-

associated plasma proteome signatures (60) and to include additional markers relevant to 

neurological function, inflammatory signaling, and immune responses. Proteomics data were 

generated using the SOMAscan assay platform (SomaLogic, Boulder, Colorado, USA) as 

previously described (61–63), with protein detection protocols performed at SomaLogic. Briefly, 

plasma from each participant was incubated with fluorescently labeled SOMAmer (Slow Off-rate 

Modified Aptamer) reagents. Protein-aptamer complexes were isolated, eluted, and quantified 

via fluorescence on a DNA microarray chip (62,63). Technical controls were measured at the 

same time as all samples and used to normalize data based on signal-to-noise ratio as 

described in detail (61). Data normalization (relative to in-plate and between-plate controls) was 

performed by SomaLogic using standard hybridization normalization, plate scaling, and 

Adaptive Normalization by Maximum Likelihood (ANML) protocols, with protein abundance 

measurements reported in relative fluorescence units (RFU). All downstream bioinformatics 

analyses were performed in R (version 4.5.1), and prior to statistical modeling, proteomics 

features missing from >30% of the samples were excluded.  
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To identify differentially abundant proteins among study groups, linear models were fitted 

using the Limma package (64). Data were log2-transformed, and duplicate protein identifiers 

were retained uniquely by appending specific suffixes. A design matrix was constructed to 

evaluate individual protein level contrasts between experimental groups while controlling for 

participant sex as a covariate. To adjust for multiple testing, p-values were corrected using the 

Benjamini-Hochberg False Discovery Rate (FDR) method. 

Weighted Gene Co-expression Network Analysis (65) was adjusted for proteomics by 

performing a log2-transformation on RFU values which were then converted to feature-wise Z-

scores (66) to construct co-expression networks and identify protein modules using the WGCNA 

R package (67). Missing observations were imputed using median substitution and a signed 

network was constructed using standard Pearson correlation coefficients. Soft-thresholding 

power (β) was selected to ensure biological hubs were representative of cellular networks 

(model fit R² ≥ 0.80). Protein modules were detected using hierarchical clustering with a 

minimum module size of 30 and an eigengene dissimilarity merge threshold of 0.25. To identify 

biologically relevant networks, Module Eigengenes (ME) were correlated against clinical data 

(e.g., age, sex, NIH Toolbox scores) using pairwise Pearson correlations. To isolate key 

proteins within age-associated networks, Module Membership (correlation of an individual 

protein to its corresponding ME) and Gene Significance (correlation of an individual protein to a 

given trait) were modeled. Functional enrichment analysis of targeted module blocks was 

performed using the g:Profiler framework (68) against the Gene Ontology (GO) biological 

processes repository. 

 

Cell Culture and Serum Exposure  

Cell culture experiments were performed using a transwell-based in vitro BBB model as 

described under Results. For this model, human cerebral microvascular endothelial cells 

(hCMEC/d3) were commercially obtained from Millipore, cultured in Endothelial Cell Basal 
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Medium-2 (Lonza) supplemented with 1% penicillin/streptomycin (HyClone), and seeded 

onto Falcon PET track-etched membrane cell culture inserts (0.4 µm; Falcon, Corning Life 

Sciences) coated in collagen I (50 µg/mL; Gibco). The human microglial clone 3 (HMC3) cell 

line was commercially obtained from ATCC, cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM; HyClone) containing 10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin, 

and seeded in 12-well plates. Cells were kept at 37 °C in 5% CO2 and treated at 100% 

confluency with 10% participant serum in serum-free DMEM for 24 h. Plates for permeability 

assays were used immediately after 24 h treatment, and parallel plates for immunoblotting were 

flash frozen for downstream analyses.  

 

Paracellular Transport Assay 

BBB permeability, as reflected by paracellular transport, was evaluated as reported 

elsewhere (69). Briefly, DMEM on the CNS side was replaced with 1.5 mL of Hanks balanced 

salt solution (HBSS; Sigma), while DMEM containing participant serum on the systemic side of 

the membrane was replaced with 0.5 mL of HBSS supplemented with the fluorescent label 

FITC-Dextran (F4D, 100 mg/mL; Sigma). 100 mL of media was collected from the CNS 

compartment at 0, 15, 30, 45, and 60 min, and immediately replaced with an equal volume of 

HBSS. All samples were collected in a 96-well plate and fluorescent intensity was measured on 

a SpectraMax M2e plate reader (Molecular Devices) with an excitation wavelength of 485 nm 

and registration of fluorescence at a wavelength of 535 nm. FITC concentration over time was 

calculated from a standard curve while individual membrane permeability was calculated with a 

dilution correction as reported (69). 

  

Immunoblotting 

Cell samples were thawed on ice, lysed in ice-cold RIPA buffer containing phosphatase 

and protease inhibitors (ThermoFisher/Roche), and 5 μg of protein was separated by 
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electrophoresis on 4-12% Bis-Tris gels (Bio-Rad). Protein was then transferred to a 

nitrocellulose membrane (Bio-Rad) and blocked using TBS-T (20 mM Tris, 150 mM NaCl, 0.1% 

Tween-20) containing 5% non-fat dry milk for 1 h at room temperature. Primary antibodies 

Claudin-5 (1:000, ABclonal), ZO-1 (1:1000, ABclonal), ICAM1 (1:1000, ABclonal), TREM2 

(1:1000, ABclonal), p16 (1:1000, Cell Signaling), and MMP9 (1:1000, ABclonal) were diluted in 

TBS-T containing 5% non-fat dry milk. Membranes were incubated overnight at 4 °C with gentle 

agitation. HRP-linked secondary antibodies (Cell Signaling,1:5000 dilution) were diluted in TBS-

T containing 5% non-fat dry milk, added to membranes, and incubated for 1 h at room 

temperature. Proteins were detected using ECL chemiluminescent substrate (ThermoFisher) on 

a UVP ChemSolo Auto Imager (Analytik Jena). Protein levels (ECL signal intensities) were 

measured using ImageJ2/Fiji and normalized to total protein loaded as visualized with Ponceau 

S staining (ThermoFisher).  

 

Statistics 

All statistical analyses were performed using GraphPad Prism software, except for 

proteomics analyses (described above under Proteomics Analyses), for which differential 

protein abundance was assessed using Limma software in R with significant differences 

determined using the Benjamini-Hochberg False Discovery Rate (FDR) method and in which 

GO significance was determined using g:Profiler-derived p-values. 

 

 

RESULTS 

Systemic inflammaging has been documented to impact the BBB, with reductions in 

integrity increasingly recognized as an important upstream event that precedes cognitive 

impairment (15,16). However, the exact mechanisms of this peripheral-CNS crosstalk remain 

poorly understood, and the potential for exercise to mitigate these systemic alterations is largely 
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unexplored. To address this, we studied a group of 12 YS (27 ± 6 years), 11 OS (69 ± 6 years), 

and 13 OA (67 ± 5 years) participants. All groups had similar healthy body mass index (BMI), 

and self-reported weekly exercise in YS and OS cohorts was below the recommended physical 

activity guidelines for adults (Table 5.1) (70). Sleep scores and triglycerides were generally 

higher in sedentary cohorts, while blood glucose levels and low density lipoprotein (LDL) were 

generally higher in the OA cohort. High density lipoprotein (HDL) levels were lower in the YS 

group compared to either of the old cohorts. Overall, these subject characteristics are generally 

consistent with what others have reported for differences among older vs. younger adults, and 

with habitual exercise training (71–75). 

 
Table 5.1. Participant characteristics 

Data represent means ± SD. 
 
 

For the NIH Toolbox cognitive function battery, total composite scores were highest in 

the YS cohort, as reflected by greater episodic memory, attention, processing speed, and 

executive function (Table 5.2). However, working memory was similar across all groups, and 

 YS OS OA 

Sex (M/F) 6/6 4/7 6/7 

Age (years) 27 ± 6 69 ± 6  67 ± 5  

BMI (kg/m2) 23.1 ± 2.4 24.4 ± 3.1 23.4 ± 3.0 

Self-reported weekly exercise 
(minutes) 

17.9 ± 33.9 38.6 ± 40 597 ± 329  

Sleep score (PSQI) 15.1 ± 4.3 12.3 ± 7.3 8.3 ± 7.4 

HDL (mg/dL) 66.6 ± 20.2 73.7 ± 17.8 76.2 ± 17.4 

LDL (mg/dL) 70.3 ± 15.4 87.9 ± 30.1 110.9 ± 40.8 

Triglycerides (mg/dL) 102.2 ± 27.2 110.3 ± 30.5 84.8 ± 29.1 

Glucose (mg/dL) 93.1 ± 4.7 100.6 ± 8.6 106.3 ± 9.9 
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picture vocabulary language test scores were higher in both groups of older adults, consistent 

with published reports of language test in older individuals (55). Interestingly, processing speed 

tended to be greater in the OA compared to OS group (although this effect was not statistically 

significant), indicating a potential cognitive domain in which exercise may attenuate age-related 

deficits. Although individual cognition test scores were relatively similar across old cohorts, the 

OA group had increased total composite scores, which is consistent with previously published 

studies on aging showing that exercise interventions improve NIH Toolbox cognitive function 

domains (71,72).  

 
Table 5.2. Cognitive function battery results. 

Data represent means ± SD. 
 

For motor function tests, subjects in the OS group performed worse on all three 

measured outcomes compared to those in the YS or OA groups. Interestingly, subjects in both 

YS and OA groups had similar overall performance in grip strength and endurance, while those 

in the YS group performed better on the pegboard dexterity task (Table 5.3). Collectively, these 

results demonstrated important and detectable physical/functional differences between older 

and young subjects, and in exercising older vs. sedentary older adults, which is generally in 

agreement with published data on these same groups and similar tests (56). These findings also 

Cognitive test YS OS OA 

Total fluid composite score (Raw) 115.5 ± 11.2 95.1 ± 7.7 99.4 ± 11.0 

Episodic memory (picture sequence memory) (Raw) 116.1 ± 13.1 103.7 ± 13.7 104.5 ± 10.9 

Working Memory (list sorting) (Raw) 110.6 ± 8.9 109.0 ± 7.7 108.8 ± 9.8 

Attention (Flanker) (uncorrected) 108.9 ± 6.0 90.3 ± 4.4 96.2 ± 8.7 

Processing speed (pattern comparison) (uncorrected) 118.0 ± 13.5 86.0 ± 5.8 93.9 ± 20.5 

Executive function (card sort) (uncorrected) 112.0 ± 6.5 100.7 ± 6.3 103.5 ± 8.6 

Language (picture vocab) (uncorrected) 107.8 ± 6.0 119.7 ± 8.8 119.5 ±8.2 
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support the idea that habitual exercise may protect against age-related declines in motor 

function. 

 
Table 5.3. Motor function battery results. 

 

 

 

 

Data represent means ± SD. 

 

 

Figure 5.1. Graphical abstract showing the usage of patient whole-blood samples for 
proteomics and in vitro BBB analyses. 

 
In order to identify circulating factors that might contribute to age-related BBB 

vulnerability, and to evaluate how exercise may influence this systemic profile, we utilized 

previously collected whole-blood samples from human participants and separated plasma and 

serum for bioinformatic and in vitro analyses respectively (Figure 5.1). With subject plasma, we 

Motor test YS OS OA 

Endurance (2-minute walk)  110.5 ± 10.6 100.9 ± 12.9 112.7 ± 11.2 

Grip strength (Raw) 101.7 ± 10.3 97.2 ± 10.1 100.2 ± 12.1 

Dexterity (Pegboard) (Raw) 106.2 ± 5.2 95.5 ± 17.1 100.8 ± 7.4 
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performed a targeted proteomics analysis on 1,512 proteins (selected based on established 

plasma proteomic signatures of aging, with additional markers relevant to neurological function, 

and inflammatory signaling (60)) across plasma samples from YS, OS, and OA participants (n = 

36, 12/group). We found that in both OS vs YS [Figure 5.2A] and OA vs YS [Figure 5.2B], 

there were multiple significantly differentially abundant proteins, with a shared aging signature 

characterized by reduced activity of the growth hormone/insulin-like growth factor (GH/IGF) axis 

alongside increases in extracellular matrix (ECM) remodeling, cellular stress, and tissue repair 

signaling. Interestingly, although direct comparison of OA vs OS participants revealed no 

significantly differentially abundant proteins, among the top 250 most increased and top 250 

most decreased proteins in OS vs YS subjects, habitual exercise showed moderate directional 

attenuation of these systemic, age-related signatures (Figure 5.2C). That is, most of the top 

increased and decreased proteins with aging (in OS vs YS) were reversed in terms of 

directional expression in OA vs OS participants, consistent with the idea that exercise may 

protect against adverse, age-related changes in the circulating milieu. 
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Figure 5.2. Plasma proteomics reveals a shared systemic aging signature that is 
directionally modulated by exercise. Volcano plot showing differentially abundant proteins in 
A) old sedentary vs young sedentary; and B) old active vs young sedentary comparisons. 
Proteins meeting statistical significance after false discovery rate correction (padj < 0.05) are 
highlighted in magenta. C) Heatmap showing the top 500 age-related proteins (250 most 
increased and 250 most decreased) from the old sedentary vs. young sedentary contrast 
visualized across all three group comparisons. 
 

To determine how our proteomics findings related to specific physiological and clinical 

phenotypes, we performed a weighted gene co-expression network analysis (WGCNA) modified 

for proteomics to map clusters (modules) of proteins against clinical readouts of blood 

biomarkers, physical function, and cognitive performance (Figure 5.3A). Among the protein 

clusters generated in this analysis, Module 5 emerged as a primary network of interest, 

displaying a significant negative correlation with age and significant positive correlations with 

multiple cognitive domains. To determine the unique functional identity of this module, we 
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performed gene ontology (GO) analysis on Module 5, removing all overlapping terms that arose 

in GO analysis of the remaining 6 modules. We found that the molecular signature of this 

module centered around type I interferon signaling, chemokine signaling, and NAD+-related 

energy metabolism (Figure 5.3B). Next, to understand which proteins in Module 5 were driving 

our WGCNA correlations, we evaluated gene significance against module membership. Notably, 

for both age (Figure 5.3C) and cognition composite (Figure 5.3D), the proteins driving 

significant correlations in our WGCNA module of interest largely mirrored the most differentially 

abundant proteins identified in our initial analyses in Figure 1. Taken together, these plasma 

proteomics data suggest that reductions in GH/IGF signaling in conjunction with increases in 

extracellular matrix remodeling and type I interferon-driven cellular stress within the systemic 

circulating milieu may play a role in age-related cognitive decline and could represent a 

systemic profile capable of driving BBB dysfunction with aging. 
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Figure 5.3. Co-expression network analysis reveals distinct plasma signatures coupled 
with aging and cognitive performance. A) Heatmap of module-trait relationships across 
clinical cohorts, cognitive domains, physical function, and blood biomarkers. Cells display 
correlation coefficient between a given module and physiological traits, with statistically 
significant correlations highlighted with asterisks (*p < 0.05). B) GO analysis revealing  the 
distinct molecular signature of Module 5. Scatter plots of gene significance plotted against 
module membership for C) age; and D) cognition composite within module 5. Proteins meeting 
statistical significance are highlighted in pink, with top overlapping hub proteins from differential 
abundance analysis labeled. 
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To directly evaluate the functional impact of systemic circulating factors during aging and 

exercise on BBB dysfunction, we performed an in vitro study using serum from a subset of 

subjects from each cohort. We modeled the BBB in culture by establishing a non-contact co-

culture system, seeding human cerebral microvascular endothelial cells (hCMECs) onto 

transwell inserts placed above a monolayer of immortalized HMC3 microglia. This immortalized 

endothelial cell line is frequently used for in vitro BBB studies because it supports high 

throughput, reproducibility, homology, and ease of use (76). Similarly, HMC3 cells represent a 

well-established human microglia model for mechanistic investigation as they effectively 

recapitulate core microglial behaviors associated with neurodegeneration, neuroinflammation, 

metabolic stress, and vascular remodeling (77). To validate our model, we first exposed cells 

(both on the systemic and CNS side of our model) to either LPS or TNF⍺ for 24 hours to confirm 

our cells upregulated inflammatory cytokines in response to pro-inflammatory stimuli as 

expected. Importantly, we observed a directional, compartment-specific responsiveness, where 

systemic insults strongly increased ICAM-1 expression in endothelial cells while CNS-

compartment exposure led to only small increases (Supplementary Figure 1A-C). Similarly, 

CNS-compartment administration of TNF⍺ robustly increased IL-6 expression in HMC3 

microglia, while systemic exposure failed to alter baseline levels (Supplementary Figure 1D-F).  

Following model validation, cells were grown to confluency and the media in the 

systemic compartment was replaced with 10% serum from subset of YS (n = 4, 2m/2f), OS (n = 

4, 2m/2f), or OA (n = 4, 2m/2f) subjects for 24 hours. We subsequently tested paracellular 

transport using FITC-dextran (FD4), a gold-standard tracer for measuring permeability in BBB 

models as it is non-toxic and too large for significant passive transcellular diffusion, ensuring 

movement is restricted to paracellular pathways when tight junctions are compromised (78,79). 

We found that barriers treated with serum from the old sedentary cohort exhibited significantly 

increased permeability compared to controls, and that this functional disruption was not present 
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by treatment with samples from the old active cohort (Figure 5.4A,B). Additionally, western blot 

analysis demonstrated stable expression of key tight junction proteins (Claudin-5 and ZO-1), 

along with mild, trend-level increases in the inflammatory adhesion molecule ICAM-1 that 

closely mirrored the stepwise patterns observed in the paracellular transport assay (Figure 

5.4C-F). Interestingly, microglia seeded on the CNS side of our model failed to show overt signs 

of inflammation/activation as measured via TREM2, p16, and MMP9 protein expression (Figure 

5.4H-K). Taken together, these in vitro analyses suggest that circulating systemic factors that 

accumulate with sedentary aging are sufficient to reduce BBB integrity and induce permeability 

increases. However, in this initial experiment, the 24 hour exposure was unable to drive 

downstream HMC3 microglia activation, potentially indicating that the endothelial monolayer 

protected the CNS compartment from systemic insults, or that longer exposure times are 

required to trigger a robust microglial inflammatory response. 
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Figure 5.4. Systemic serum from active older adults mitigates age-induced endothelial 
barrier permeability in an in vitro co-culture model. A) Apical FITC-Dextran (FD4) kinetics 
showing time-dependent concentration (µg/mL) transport across hCMEC endothelial 
monolayers over a 60-minute period following a 24-hour cohort serum exposure. B) Calculated 
individual endothelial membrane permeability coefficient. C) Membrane images of hCMEC 
protein from western blot analysis. D-F) Quantified hCMEC respective protein intensities. G) 
Membrane images of HMC3 protein from western blot analysis. H-J) Quantified HMC3 
respective protein intensities. Statistical significance was determined via one-way ANOVA (*p < 
0.05). 
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DICUSSION  
 

Aging is the primary risk factor for a variety of diseases, including the majority of 

neurodegenerative diseases (3). However, exactly how age-associated cellular and 

physiological dysfunction predispose individuals to neurodegeneration and disease remains 

incompletely understood. Although well-established hallmarks of aging have helped shed light 

on intracellular processes that drive functional declines, intercellular signaling events are less 

characterized, especially in the context of cross-tissue cascades. Recently, the BBB has 

emerged as a multi-cellular interface that undergoes age-related changes as an early event 

preceding neurodegeneration and cognitive dysfunction (15). While it is well documented that 

the chronic age- and disease-associated neuroinflammatory environment (driven primarily by 

glia (80)), contributes to BBB dysfunction (81), the extent to which age-related circulating factors 

modulate this loss of barrier integrity from the systemic side (and how exercise may protect 

against these age-related insults) is less characterized. The main findings of this study are that 

the human circulating plasma proteome undergoes robust age-related shifts that are recovered 

with habitual exercise and correlate with cognitive performance. Furthermore, serum from a 

subset of sedentary older participants (containing the same proteome) directly impaired in vitro 

BBB integrity, while habitual exercise diminished these harmful effects.  

Our study was based on carefully phenotyped human samples to aid in the identification 

of systemic circulating factors that influence BBB function. Specifically, we utilized previously 

collected plasma and serum from YS, OS, and OA individuals. Notably, our participant cohorts 

scored similarly to national standards (established elsewhere (71,72)) on multiple metrics of 

physical and cognitive performance. When analyzing 1,512 key proteins in our human subjects’ 

plasma proteomes, we found a shared aging signature among participants in our older adult 

cohorts that included reductions in insulin-like growth factor signaling, which is consistent with 

previous reports on IGF-1 activity with age (82). Interestingly, IGF-1 has been associated with 

anti-inflammatory properties in glia, and age-associated declines of IGF-1 can cause microglia 
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to shift towards a more reactive and proinflammatory phenotype (83). Additionally, differential 

abundance analyses also revealed increases in key proteins tied to cellular stress signaling and 

extracellular matrix remodeling, both of which have been repeatedly associated with age and 

are thought to modulate the BBB to drive dysfunction (84). Although our analysis did not reveal 

any significantly differentially abundant proteins in our OA vs OS comparison, perhaps our most 

important finding was that, when analyzing the most modulated proteins in our OS vs YS 

comparison, the majority of those proteins had reversed expression patterns with habitual 

exercise. Together, these data suggest that habitual exercise can protect against age-related 

protein signatures that accumulate within the circulating systemic milieu. 

To better understand how these plasma proteins that were different with age and 

exercise were associated with clinical phenotypes we performed network analyses. Among 

generated network clusters, we found one key module that was significantly negatively 

corelated with age and significantly positively corelated with cognition. Interestingly, this module 

was also positively correlated with all measured readouts of physical performance, although 

these associations did not reach statistical significance. Within this module of interest, proteins 

were associated with type I interferon signaling along with NAD+ energy metabolism. Notably, 

type I interferon signaling is known to intersect with systemic aging, neuroinflammation, and 

BBB integrity declines by directly impairing tight junctions in endothelial cells (85). Additionally, 

NAD+ energy metabolism directly intersects with interferon signaling and BBB dysfunction in the 

endothelial cells themselves. Within endothelial cells, age-associated loss of NAD+ impairs 

mitochondria (86), causing mitochondrial DNA to leak out and activates immune sensors like 

cGAS/STING, directly inducing interferon signaling and barrier failure (87). Finally, when 

analyzing scatterplots of gene significance and module membership, multiple proteins that were 

driving associations between age and cognition were also some of the most differentially 

abundant proteins identified in our earlier analysis. Taken together, our proteomics analyses 

identify a subset of key circulating proteins that accumulate with age and are impacted by 
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exercise. Importantly, these exact proteins appear to be involved with signaling cascades that 

are reported in induce BBB dysfunction and increase neuroinflammation. 

 Circulating proteins, like those described above, are becoming increasingly recognized 

as factors that modulate BBB integrity with the potential to induce age-related cognitive 

dysfunction. Therefore, in the presents study, to determine whether the circulating proteome 

from our human subjects can actively modulate BBB integrity, we performed in vitro analyses 

with a subset of serum samples from the same exact cohorts. When endothelial cell barriers 

were exposed to old sedentary participant serum for 24 hours, we saw a robust increase 

membrane permeability (as reflected by increases in paracellular transport). Interestingly, serum 

from age-matched habitually exercising adults recovered this effect with permeability similar to 

young participants and negative controls. This observation was in line with our proteomics data 

showing that habitual exercise is capable of reversing abundance of age-accumulated 

circulating proteins that are reported to negatively impact the BBB. Interestingly, when analyzing 

protein from our cultured endothelial cells, key tight junction protein expression remained 

relatively stable regardless of serum exposure. Notably, endothelial cell activation trends (as 

measured via ICAM-1 expression) mirrored our paracellular transport disruption, although the 

effects did not reach statistical significance. This suggests that our barriers were not heavily 

disrupted to the point of full breakdown, but rather changes in endothelial cell morphology or 

tight junction mislocalization could possibly underlie the observed permeability effects. 

Interestingly, sedentary serum exposure did not induce a strong inflammatory response in 

microglia despite the increases in barrier permeability. This suggest that the barrier still offered 

protection against strong glial inflammatory responses in vitro. However, it is possible that the 

24 hour exposure was not sufficient to first impact permeability enough for circulating factors to 

infiltrate the CNS chamber while also giving the microglia sufficient time to respond accordingly. 

Microglia are known to be particularly sensitive to systemic signals (88), but this response is 

time-dependent and overt inflammatory protein expression in HMC3 microglia takes hours to 
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emerge (89). If the majority of our exposure window was necessary to induce barrier 

dysfunction and increased paracellular transport, it is possible that our microglia were not given 

enough time to adequately respond to the infiltrating systemic signals.   

An important limitation of our current study lies in the simplicity of our in vitro model. As 

we only included endothelial cells to model our BBB (and no pericytes or astrocytes), our 

system lacked the natural complexity of the in vivo BBB. Additionally, brain endothelial cells in 

vivo are constantly exposed to shear stress generated by blood flow, which acts as an important 

biological signaling cue (90). This lack of pressure from blood flow in static transwell cultures is 

a critical limitation, and future in vitro transwell studies would benefit from not only culturing 

pericytes on the CNS side of the insert (along with co-cultured astrocytes and microglia in the 

bottom wells), but from using an orbital shaker to partially mirror the force of blood flow (91). 

Studies could also examine the effects of age related systemic circulating factors at various time 

points to better understand the kinetics involved with barrier breakdown and the subsequent 

CNS response. As our study was based on targeted plasma proteomic signatures established 

elsewhere, future studies may also benefit from unbiased proteome wide analyses where 

thousands of proteins are examined for age and exercise related effects. Despite these 

limitations, our study provides support for the fact that the circulating systemic age-related 

proteome is capable of increasing barrier permeability by modulating BBB endothelial cells. 

Importantly, we also show that habitual exercise is capable of mitigating these effects in vitro. 

We identified key age-relate proteins involved with cellular processes that are known to 

modulate barrier dysfunction (e.g., IGF-1 signaling and ECM remodeling) which may prove 

valuable for future studies testing novel therapeutics to prevent age-related BBB dysfunction. A 

key direction for future studies based on these initial findings would be to examine aging 

neuroimmune cells and characterize the extent to which age-related barrier dysfunction is driven 

by the neuroimmune environment itself compared to the aged circulating milieu. Together with 
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our studies, such future experiments could provide insight into the mechanisms that initiate age-

related BBB breakdown and the potential for habitual exercise to mitigate these effects. 
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CHAPTER 6 – IMPACT OF AGE AND EXERCISE ON NEUROIMMUNE MODULATION OF 
THE BLOOD-BRAIN-BARRIER 

 
INTRODUCTION 

 This dissertation has explored diverse mechanisms and modulators of brain aging and 

neurodegenerative disease, focusing both on potential endogenous and exogenous initiators of 

chronic inflammation, as well as novel interventions that slow age-related disease progression. I 

characterized transposable elements (TEs) as an endogenous contributor to microglial states 

during healthy aging and Alzheimer’s disease (AD), demonstrating that microglia exhibit unique 

TE expression patterns. Additionally, I investigated the systemic impacts of aging on blood-

brain-barrier (BBB) integrity and subsequent microglial activation, showing that age-related 

circulating factors significantly impair BBB integrity and increase paracellular transport (the 

passive movement of substances through the intercellular spaces between adjacent endothelial 

cells) in this context. I also evaluated exogenous environmental and chemical factors that may 

influence overall health and neuronal function, both adverse and protective, in the context of 

longevity and healthspan. I demonstrated that even a single acute exposure of fine particulate 

matter (PM2.5) from simulated wildfire smoke (WFS) is sufficient to induce functional declines in 

vivo while shifting transcriptional networks towards an accelerated aging phenotype. 

Conversely, I evaluated protective strategies, identifying apigenin as a novel bioactive 

phytochemical that combats age-related declines in organismal function, including 

neuromuscular health.  

Importantly, the final research-based chapter of my dissertation focused on 

characterizing exercise as a lifestyle intervention for attenuating age-related changes in 

physiological and biological functions including BBB integrity and neuroimmune activation. This 

topic integrated many of the features of my other investigations, including endogenous and 

exogenous influences on brain health, but it left me with one key question of interest for future 
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research: To what extent is BBB breakdown driven by age-associated cellular dysfunction 

within the neuroimmune environment itself, versus the impact of the systemic circulating 

environment? Based on my research projects and experience to date, I hypothesize that age-

related changes in neuroimmune cells will impact BBB integrity even more than age-related 

systemic circulating factors. In the following sections, I describe how I would test this hypothesis 

in future studies. 

 

GENERAL APPROACH 

To determine how age-related changes in key neuroimmune cell types impact the 

integrity of the BBB, I have developed an additional follow-up experiment utilizing a similar in 

vitro BBB model as shown in in Chapter 5. By directly reprogramming peripheral blood 

mononuclear cells (PBMCs) from the same exact young sedentary, old sedentary, and old 

habitually exercising human subjects from chapter 5 into monocyte-derived microglia-like cells 

(MDMis), I can directly study how human cellular neuroimmune aging and lifestyle interventions 

impact BBB integrity and crosstalk between the central nervous system (CNS) and periphery. 

Direct reprogramming is a powerful model for answering this question, because unlike indirect 

stem-cell based reprogramming strategies, directly reprogrammed (“transdifferentiated”) cells 

retain donor-like characteristics including age- and disease-associated phenotypes [1]. To this 

end, I will utilize a published protocol by Dr. Kimberly Bruce [2] that I have already shown to be 

successful in our lab (Figure 6.1). However, as conversion yield is sparce, making downstream 

experimentation and analyses difficult, I will begin by optimizing this protocol before using 

precious patient PBMCs for actual experimentation. 	
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Figure 6.1. Successful transdifferentiation of human peripheral blood mononuclear cells 
into monocyte-derived microglia-like cells. Brightfield image of A) PBMC culture; and B) 
transdifferentiated microglia showing increased processes and proper morphology. C) Western 
blot analysis showing high expression of IBA1 (marker of microglia) in MDMi reprogrammed 
cells, but no expression in PBMCs. 
 

Optimization 

 All currently published PBMC to MDMi conversion protocols rely on a combination of IL-

34, M-CSF, and TGF-β to drive the initial phases of differentiation. However, freshly plated 

PBMCs require robust survival signals to maintain stable monocyte adherence and adequate 

density before differentiation. While both M-CSF and IL-34 successfully drive this initial cell 

survival and early myeloid maintenance [3], TGF-β has well-characterized anti-proliferative 

properties that restrict the expression of critical surface receptors needed to respond to 

conversion media [4], [5], [6], [7]. Introducing these conflicting cues simultaneously theoretically 

creates a chaotic signaling environment that leads to excess and unnecessary cell death. In 

light of this, the first optimization step I will attempt will be to delay the addition of TGF-β until 

the fourth day of differentiation. This sequential approach will allow M-CSF and IL-34 to first 

establish a robust, viable myeloid intermediate population. By ensuring the cells fully express 

high baseline levels of necessary signaling machinery prior to TGF-β exposure, I can better 

facilitate cell survival and a high yield transition into homeostatic microglia-like cells.  
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 Additionally, this MDMi transdifferentiation requires roughly 16 days from the initial 

PBMC plating to generate functional microglia-like cells for my experiments. Microglia in vitro 

are notoriously fragile as they mature [8], and extended periods of cell culture cause a natural 

buildup of oxidative stress and other adverse events that can affect their behavior [9]. In order to 

enhance viability during these later stages of maturation, my second optimization step will be to 

evaluate the supplementation of B-27 in cultures from days 7 to day 14 of differentiation. B-27 is 

a specialized serum-free cocktail designed to mimic the interstitial fluid of the brain, and is 

traditionally used in neuron cultures for growth and long-term viability [10], [11]. It contains a 

robust suite of antioxidant and anti-inflammatory compounds that promote a homeostatic 

phenotype. Additionally, B-27 provides essential fatty acids that help build complex membranes. 

As microglia are the primary lipid metabolizers of the brain, providing these metabolic substrates 

may significantly enhance their structural ramification and better replicate a homeostatic in 

vivo morphology [12]. 

 
Experimental Design 

 To directly interrogate the impact of human neuroimmune aging and physical activity on 

barrier function, I will leverage our optimized MDMi transdifferentiation protocol using our store 

of precious participant-derived PBMCs from the same human cohort detailed in Chapter 5. 

Specifically, I will use a subset of subject PBMCs from young sedentary (n = 4), old sedentary 

(n = 4), and old active (n = 4) individuals, and I will transdifferentiate the cells over a 16-day 

period until the MDMis reach functional maturity (as confirmed by phagocytosis assays [13]). In 

parallel, on day 14 of the MDMi differentiation protocol, I will seed the same endothelial cells as 

described in chapter 5 (hCMECs) onto collagen-coated transwell cell culture inserts and allow 

them to reach full confluency. On day 16 of the protocol, the microglia-like cells will have 

reached functional maturity, and I will introduce the fully confluent endothelial covered transwell 

inserts to the MDMi culture system to establish the co-culture model. Following a 24-hour co-
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culture exposure, I will transfer the endothelial cell-containing inserts into a fresh 12-well plate 

for paracellular transport assays. Concurrently, I will lyse the MDMis for RNA extraction and 

subsequent transcriptomic sequencing to correlate microglial gene expression profiles with the 

observed barrier kinetics. Importantly, the immortalized human microglial cell line HMC3—used 

in the previous BBB experiments described in Chapter 5—will be cultured under optimal 

conditions to serve as a direct experimental-bridge control, allowing for the benchmarking of 

primary human MDMi kinetics against our established immortalized baseline. 

 

ANTICIPATED OUTCOMES 

Based on the data I generated in Chapter 5 using serum from human research 

participants, I hypothesize that MDMis derived from the same old sedentary individuals will 

exhibit a highly activated, pro-inflammatory phenotype. When introduced to the co-culture 

system, I expect these aged neuroimmune cells will actively drive endothelial barrier 

breakdown, as characterized by significantly increased FITC-dextran paracellular transport. 

Biologically, I anticipate this decrease in barrier integrity will accompany moderate decreases of 

key tight junction protein expression (e.g., ZO-1, Claudin-5) and a significant increase in 

endothelial cell activation (as indicated by greater expression of the adhesion molecule ICAM-1) 

via Western blot analysis. Conversely, I hypothesize that MDMis from the old exercising cohort 

will exhibit a preserved, homeostatic profile that is similar to young MDMi samples, mirroring the 

protective effects of exercise observed in Chapter 5. Furthermore, by relating these functional 

barrier readouts to our downstream RNA-seq analyses, I expect to identify distinct microglial 

transcriptional networks surrounding inflammatory signaling, extracellular matrix remodeling, 

and lipid metabolism pathways that shed light into the functional and biological differences 

observed in culture. Specifically, I expect to find increased inflammatory signaling, increases in 

extracellular matrix degrading enzymes, and decreases in signaling pathways related to lipid 

export as previous reports have established similar outcomes in multiple models of microglia 
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aging [14], [15]. Additionally, I expect transdifferentiation of MDMis from old habitually exercising 

adults will not exhibit these negative effects and will yield similar expression of pathways found 

in our young samples. This will allow me to bridge the cellular mechanisms of human 

neuroimmune aging directly to physiological barrier outcomes in the context of aging and 

exercise. 

 

Potential Pitfalls and Alternative Approaches 

A potential technical pitfall in primary human co-culture systems is high inter-individual 

donor variability. If permeability is highly variable among donors of the same cohort, I will 

transition to a more sensitive biochemical readout. Specifically, I will interrogate inflammatory 

changes in both MDMi and endothelial cells by conducting ELISAs on collected media (i.e., IL-6, 

IL-1β, and TNF⍺ all of which are secreted by microglia [16], [17] and BBB endothelial cells [18], 

[19] modulating barrier integrity). Additionally, as primary monocytes do not proliferate in culture, 

yields are highly variable and frequently sparse. Therefore, a significant risk to my proposed 

study lies in extracting a sufficient amount of high-quality total RNA to meet the input thresholds 

necessary for standard bulk RNA-sequencing. If total RNA yields are below sequencing 

threshold, I will move away from unbiased transcriptome-wide profiling to highly targeted 

validation using immunofluorescence microscopy for key microglia-specific proteins (which only 

requires a small number of cells per condition). I will prioritize evaluating key microglial 

homeostatic markers (e.g., P2RY12 and CX3CR1), and inflammatory genes (e.g., IL-6, IL-

1β, TNF⍺) while using the RT-PCR techniques detailed in Chapter 2. 

 

Concluding Remarks 

As BBB dysfunction has become increasingly recognized as an early and upstream 

mechanism of aging and multiple neurodegenerative diseases, isolating and understanding the 

crosstalk between CNS immune cells and the neurovascular unit is an important research 
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priority [20], [21]. While rodent models provide invaluable mechanistic insights, they frequently 

fail to recapitulate heterogenous genetic backgrounds, lifestyle factors, and environmental 

exposures that shape the complexity of the human aging brain [22], [23]. By leveraging a 

patient-derived transdifferentiated MDMi model that preserves chronological and epigenetic 

aging signatures, my proposed study will bypass the limitations of traditional iPSC and in vivo 

models. Ultimately, by characterizing how human heterogeneity and multi-faceted interventions 

like exercise modulate human neuroimmune-BBB communication and dysfunction, my 

experiments will help identify novel, cell-specific therapeutic targets against early stages of 

aging and neurodegeneration. 

Collectively, the studies described in this dissertation characterize novel initiators and 

mitigators of chronic neuroinflammation in brain aging and neurodegenerative disease. From 

defining intrinsic mechanisms like cell-type specific regulation of transposable elements in 

microglia (Chapter 2) and systemic drivers of BBB disruption (Chapter 5), to exogenous 

environmental stressors like PM2.5 derived from WFS (Chapter 4), these findings highlight the 

complex vulnerability of the aging brain. Furthermore, by evaluating the therapeutic potential of 

novel phytochemicals (Chapter 3) in addition to lifestyle factors like exercise (Chapter 5), this 

work underscores the importance and feasibility of targeting age-related pathways to improve 

heathspan. I believe the future directions proposed in this final chapter (Chapter 6) represent 

the next logical step for advancing therapeutic discovery in these contexts. By deploying a fully 

humanized, translationally rigorous platform to dissect how CNS immune aging and exercise 

interventions interact at the neurovascular interface, my proposed research will advance our 

fundamental understanding of neuroinflammation and BBB integrity, offering critical insights 

essential for the development of targeted, realistic therapeutics that preserve cognitive health 

throughout the human lifespan. 
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APPENDIX A – CHAPTER 2 SUPPLEMETAL DATA 
 
 
 

 
Supplementary Figure 2.1. Transposable elements with age in microglia. A) Simple linear 
regression of total normalized TE transcript counts plotted against subject age. B) Distribution of 
log2 fold-changes for all TEs from DESeq2 differential expression analyses. C) Normalized total 
transcript count for each subject grouped by age. One-way ANOVA was used to test for 
significance. *P < 0.05 
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Supplementary Figure 2.2. TE transcripts show minimal changes in WT mice microglia 
with early aging. A – B) MA plots showing relative TE and gene transcript levels at 12 and 24 
month vs. 2 month old WT mice. C – D) TE transcript levels separated by major type in the 
same comparisons. Sample size: 2 month (n = 11), 12 month (n = 10), 24 month (n = 10). 
Unpaired t-test of TE families against total transcripts was used to test for significance. *P < 
0.05. 
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Supplementary Figure 2.3. Transposable elements in microglia show minimal changes 
with AD. A,D) Simple linear regressions of total normalized TE transcript counts plotted against 
subject age showing weak, non-significant associations with age. B,E) Total normalized TE 
transcript counts averaged across subject diagnosis. C,F) Normalized total transcript count for 
each subject grouped by diagnosis. Subfigures A – C were generated from AD Dataset 2, while 
subfigures D – F were generated from AD Dataset 3.   
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Supplementary Figure 2.4. Normalized average counts of all TEs in both AD mouse 
models. A) Normalized average TE counts of rTg4510 mice compared against littermate 
controls. B) Normalized average TE counts of APP/PS1 mice compared against littermate 
controls. Unpaired t-test was used to test for significance. *P < 0.05. 
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Supplementary Figure 2.5. Age-associated changes in pathways intersecting with 
autophagy and their relationships with TE transcript levels. Relative expression of 
normalized gene counts from NCI Dataset 1 for all key genes listed in figure 5 for A) autophagy; 
B) RNA degradation; C) mTOR; and D) TREM2 separated by age group. Analyzed via one-way 
ANOVA *P < 0.05. E) Pearson’s correlation of total normalized TE transcript levels against the 
gene list in Figure 5, corrected via multiple hypothesis testing.  
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Supplementary Figure 2.6. Autophagy-related gene expression is increased in human 
microglia isolated from AD patients. Normalized averaged counts for all key genes listed in 
Figure 5 for autophagy, RNA degradation, mTOR, and TREM2 in AD vs cognitively normal 
controls. A-D) AD Dataset 2; and E-H) AD Dataset 3. All plots were analyzed via unpaired t-test. 
*P < 0.05.  
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Supplementary Figure 2.7. Western blot of HMC3 cells probing for IL-6 under various 
conditions. Cells were exposed to lipopolysaccharide (LPS, 10 or 100 ng/mL), interleukin-1 
beta (IL-1b, 10 ng/mL) in conjunction with interferon gamma (IFNg, 10 ng/mL), chloroquine (CQ, 
10 µM) or a PKR inhibitor (C16, 250nM) in conjunction with LPS, doxorubicin (Doxo, 50nM), and 
tumor necrosis factor (TNF-ɑ, 300 ng/mL) for 24 h prior to lysis and protein analysis. A) 
Ponceau staining showing total protein levels added to each well. B) Relative expression of IL-6 
in HMC3 under various conditions. C) Image of IL-6 western blot. One way ANOVA was used to 
test for relative expression significance. *P < 0.05. 
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APPENDIX B – CHAPTER 4 SUPPLEMETAL DATA 

 
 
 
 
 
 
 

 
Supplementary Figure 4.1. Low WFS exposure doses show similar effects on median and 
maximum lifespan. Nemalife lifespan assay showing effects of low doses on lifespan following 
a single 24-hour exposure of various WFS concentrations. Survival assay data significance was 
determined via Log-rank (Mantel-Cox) test. Sample size: Control (n = 101), 9.49 µg/mL (n = 75), 
3 µg/mL (n = 31), 0.95 µg/mL (n = 29), 0.095 µg/mL (n = 74). 
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Supplementary Figure 4.2. Unexposed F1 nematodes from exposed P0 parents show 
minimal intergenerational effects. Identical readouts from figure 4 show that only straight-line 
distance was significantly altered in unexposed progeny. Data are presented as a bar plot with 
mean ± standard deviation with individual animals represented as points. Significance was 
determined via a Kruskal-Wallis test with Dunn’s post-hoc test for multiple comparisons. * P < 
0.05. 
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APPENDIX C– CHAPTER 5 SUPPLEMETAL DATA 
 
 

 
Supplementary Figure 5.1. Co-culture model validation demonstrates compartment-
specific inflammatory responsiveness. A-C) Membrane images and quantification of 
endothelial cell ICAM-1 expression after 24 hour exposure to either LPS or TNF⍺. D-F) 
Membrane images and quantification of HMC3 IL-6 expression after 24 hour exposure to either 
LPS or TNF⍺. Statistical significance was determined via one-way ANOVA (*p < 0.05). 

 


