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Abstract

Cardiometabolic diseases (CMDs), including angina, diabetes, and hypertension, are major
contributors to morbidity and mortality in aging populations, yet substantial heterogeneity in
disease progression and survival suggests the presence of molecular mechanisms that promote
cardiometabolic resilience in later life. This dissertation examines intersections among the
longevity-associated gene FOXO3, leukocyte telomere dynamics, and inflammatory cytokine
profiles in aging men from the Concord Health and Ageing in Men Project (CHAMP), a
longitudinal cohort of more than 1,700 men aged 70 years and older. Associations between the
FOXO03 rs2802292 genotype, survival outcomes, CMD status, telomere length, and circulating
cytokines were evaluated using survival analyses and regression-based models. The FOXO3
longevity-associated G allele was associated with improved survival in individuals with
cardiometabolic disease, with the strongest protective effects observed in angina and in advanced
age, while no consistent survival advantage was observed in individuals with diabetes,
hypertension, or without CMD. On the whole, leukocyte telomere length declined with age across
the cohort. However, age-related telomere attrition was attenuated in G-allele carriers, most
notably among individuals with angina, while telomere trajectories were similar across other CMD
categories. Inflammatory cytokine profiles differed markedly by FOXO3 genotype across all
CMDs, with G-allele carriers exhibiting broader and more coordinated immune and inflammatory
regulation compared with TT homozygotes. Together, these findings suggest that cardiometabolic
resilience in aging is driven primarily by FOXO3-mediated inflammatory regulation, with context-

dependent effects on telomere dynamics.
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CHAPTER 1: INTRODUCTION

1.1 Aging and Cardiometabolic Disease

Aging is a major non-modifiable risk factor for cardiometabolic diseases (CMDs), a group of
conditions that include type 2 diabetes, hypertension, atherosclerosis, and coronary artery disease.
These diseases are influenced not only by external lifestyle factors, but also by intrinsic biological
processes that evolve with age. As the global population ages, the burden of CMDs continues to
rise, contributing substantially to morbidity, mortality, and healthcare costs worldwide. Aging
contributes to CMD onset and progression through multifaceted mechanisms involving
mitochondrial dysfunction, oxidative stress, impaired autophagy, epigenetic drift, and systemic
inflammation. Among these, chronic inflammation and immune dysregulation, commonly referred
to as “inflammaging” have emerged as a central characteristic underlying the progression of all

CMDs.!

Cellular aging is associated with functional changes in molecular regulators of stress responses
and immune balance, including transcription factors that regulate stress response, such as FOXO3,
and structural elements like telomeres that modulate genomic integrity?. However, how these
interconnected factors, inflammaging, FOXO3 and telomeres, influence susceptibility and

resilience to CMDs is presently poorly understood.

The purpose of this review is to synthesize current knowledge on the roles of cytokines, FOXO3,
and telomeres in the context of CMD progression during aging. By examining the complex
interplay between chronic inflammatory signaling, genetic resilience mechanisms, and biological
aging markers, this review aims to provide a comprehensive understanding of CMD

pathophysiology in older adults as see in Fig 1. In addition, we will explore how emerging
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technologies, including machine learning (ML), are advancing our ability to identify patterns in

CMD-related aging data, paving the way for more precise diagnostics and interventions.
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Figure 1. Protective role of FOXO3 in mitigating aging-associated inflammation and
cardiometabolic disease (CMD) outcomes.

This schematic illustrates how the longevity-associated allele of the FOXO3 gene serves as a central
regulator of protective cellular pathways that counteract the harmful effects of aging and inflammaging. On
the left, aging is associated with increased levels of pro-inflammatory cytokines, oxidative stress,
mitochondrial dysfunction, telomere shortening, and a decline in stem cell renewal capacity. Collectively,
these processes contribute to chronic low-grade inflammation (inflammaging) and physiological decline.

In the center, FOXO3 (depicted as a shield) activates key protective mechanisms, including antioxidant
defense, anti-inflammatory cytokine production (e.g., IL-10), and autophagy, a process that removes
damaged cellular components. These FOXO3-mediated responses serve to neutralize oxidative damage,
suppress inflammatory signaling, and maintain cellular homeostasis.

On the right, in the context of cardiometabolic disease (CMD), FOXO3 activity leads to improved vascular
health and metabolic function by reducing chronic vascular inflammation, improving insulin sensitivity,
preserving endothelial integrity, lowering oxidative stress, and preventing mitochondrial damage. These
protective effects highlight the importance of FOXO3 in modulating aging-related pathologies and suggest
its potential as a therapeutic target for enhancing resilience against CMD.
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1.2 Inflammaging as a Hallmark of Cardiometabolic Aging

Aging is characterized by the accumulation of molecular damage and cellular stress, which
contributes to a chronic, low-grade inflammatory state referred to as “inflammaging.®” This
persistent state of inflammation occurs independently of acute infection or injury and is considered
an underlying driving factor of aging in humans?®. It is largely driven by long-term immune system
activation, accumulation of senescent cells, mitochondrial dysfunction, activation of the

inflammasome, and accumulation of damage-associated molecular patterns (DAMPS).

Senescent cells, which accumulate in various tissues with age, adopt a senescence-associated
secretory phenotype (SASP) that includes the secretion of pro-inflammatory cytokines,
chemokines, and proteases. Cellular senescence is a state of permanent cell cycle arrest that occurs
in response to various stressors, including telomere shortening, oxidative damage, DNA
replication errors, oncogene activation, and chronic inflammation.* As organisms age, senescent
cells accumulate in multiple tissues, particularly those with high cellular turnover or exposure to
metabolic and mechanical stress, such as adipose tissue, the vascular endothelium, liver, kidneys,
and skeletal muscle. Although initially protective by preventing the propagation of damaged DNA
and contributing to wound healing, senescent cells can become detrimental when not efficiently
cleared by the immune system®. A key feature of senescent cells is the senescence-associated
secretory phenotype (SASP), a pro-inflammatory profile consisting of cytokines (e.g., IL-6, IL-1p,
TNF-a), chemokines, growth factors, and matrix-remodeling enzymes. SASP factors can disrupt
tissue structure and function, promote chronic low-grade inflammation (inflammaging), and
influence neighboring cells to enter senescence, thereby amplifying tissue dysfunction®. In the

context of cardiometabolic diseases, SASP contributes to endothelial dysfunction, insulin
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resistance, and fibrosis, highlighting the importance of targeting senescent cells and their secretory

profile in aging-related disease management.

Key molecular players in inflammaging include cytokines such as interleukin-6 (IL-6), tumor
necrosis factor-alpha (TNF-a), interleukin-1 beta (IL-1B), and interleukin-10 (IL-10). IL-6 and
TNF-a have been show to increase in aged individuals and are known to disrupt insulin signaling
and endothelial function, promoting insulin resistance and vascular inflammation®. IL-1B, a
component of the NLRP3 inflammasome pathway, amplifies inflammatory signaling cascades. C-
reactive protein, CRP, although not a cytokine itself, is an acute-phase protein that reflects ongoing
systemic inflammation and is widely used as a clinical biomarker for cardiovascular risk. IL-10,
by contrast, seems to play a protective role against chronic inflammation and helps maintain

immune tolerance; its decline with age may further contribute to the pro-inflammatory milieu.

Inflammaging is also perpetuated by innate immune mechanisms. Toll-like receptors (TLRS) on
immune cells detect DAMPs and trigger NF-kB-mediated transcription of inflammatory cytokines,
reinforcing the inflammatory state’. This feedback loop leads to tissue remodeling, endothelial
dysfunction, and insulin resistance, hallmarks of CMD®. Notably, this inflammatory burden
accumulates across tissues such as the heart, vasculature, liver, pancreas, and adipose tissue,

impairing organ function and increasing the likelihood of disease progression with age.

1.3 Cytokine Profiles in Cardiometabolic Diseases (CMDs)

Cytokine profiles in CMDs reflect a distinct shift from immune balance to chronic pro-
inflammatory activation. In type 2 diabetes, elevated levels of TNF-a and IL-6 are observed, both
of which interfere with insulin receptor signaling and contribute to pancreatic p-cell apoptosis®.

IL-6 induces hepatic CRP production, creating a self-sustaining inflammatory cycle. In
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atherosclerosis, IL-1p contributes to endothelial dysfunction and promotes the formation of
unstable atherosclerotic plaques by stimulating monocyte adhesion and foam cell formation.
Macrophage-derived cytokines, including TNF-a and IL-6, exacerbate lipid uptake and oxidation
within the arterial wall, further accelerating plaque development®. The role of cytokines in
atherosclerosis extends beyond early plaque formation. In advanced stages, IL-1p and IFN-y drive
necrotic core expansion and fibrous cap thinning, rendering plaques more prone to rupture.
Rupture of these vulnerable plaques can lead to acute thrombotic events such as myocardial
infarction or stroke. Additionally, cytokine-induced endothelial activation enhances the expression
of adhesion molecules (e.g., VCAM-1, ICAM-1), promoting continuous leukocyte recruitment and

sustaining local inflammation®®.

Hypertension is increasingly recognized as an immune-mediated condition, with TNF-a, IL-17A,
and interferon-gamma (IFN-y) playing key roles in vascular inflammation and smooth muscle
proliferation. These cytokines impair nitric oxide bioavailability, increase oxidative stress, and
disrupt baroreceptor sensitivity. Meanwhile, reduced levels of inflammatory protective factors,
such as IL-10 and transforming growth factor-beta (TGF-p), are less effective at counterbalancing

pro-inflammatory signaling, and are associated tissue damage and fibrosis®.

The heterogeneity in cytokine signatures among CMD patients can be influenced by age, sex,
ethnicity, comorbidities, and even the gut microbiome. Precision profiling using multiplex
immunoassays and high-dimensional cytometry platforms (e.g., CyTOF) enables a more nuanced
understanding of patient-specific inflammatory profiles'!. These profiles may eventually be used
to classify CMD subtypes, predict disease trajectory, and personalize therapeutic strategies.
However, substantial work remains to standardize these assays and integrate them into clinical
workflows. Despite the complexity of cytokine interactions, a consistent theme across CMDs is

15



the imbalance between pro-inflammatory and anti-inflammatory forces. Chronic elevation of IL-
6, TNF-a, and IL-1B drives the progression of vascular and metabolic dysfunction®?.
Understanding the temporal dynamics and tissue-specific sources of these cytokines will be
important for developing targeted strategies to mitigate age-related CMD risk. Chronic cytokine
exposure alters lipid metabolism, increases hepatic glucose output, and promotes insulin resistance

at the cellular level.

In summary, the deleterious effects of chronic inflammation are compounded by the aging immune
system’s reduced capacity to resolve inflammation, creating a persistent inflammatory
microenvironment that compromises organ function. The study of inflammatory cytokines in aging
and CMD should provide valuable insight into the mechanistic underpinnings of chronic disease

and presents a framework for identifying individuals at heightened risk across the aging spectrum.
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Figure 2. Link between inflammaging and the development of cardiometabolic disease (CMD).
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This figure depicts how chronic, low-grade inflammation, commonly referred to as inflammaging,
contributes to the progression of cardiometabolic disease. With aging, levels of pro-inflammatory cytokines
such as IL-6, CRP, and TNF increase, driven in part by the accumulation of senescent cells. This sustained
inflammatory state leads to telomere shortening, vascular damage, and overall tissue dysfunction. Over
time, these changes contribute to the onset of cardiometabolic conditions, including hypertension,

cardiovascular disease, and insulin resistance.

1.4 FOXO3 as a Longevity and Resilience Gene
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Figure 3. Mechanisms by which FoxOs influence healthy ageing. (Morris, et. al. 2015)

FOXO03 (Forkhead box O3) is a conserved transcription factor within the FOXO family,
recognized for its central role in promoting cellular adaptation to stress, in particular nutrient
deprivation, thereby contributing to lifespan regulation. FOXO3 exerts its role in stress response
by modulating gene expression in response to various stressors, including nutrient deprivation,

oxidative stress, and DNA damage!?. It is regulated primarily by the insulin/IGF-1 signaling (11S)
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pathway, where upstream kinases such as Akt phosphorylate FOXO3, causing its retention in the
cytoplasm and suppression of its transcriptional activity.®® Under stress conditions, for example
caloric restriction, dephosphorylation of cytoplasmic FOXO3 allows it to translocate into the
nucleus, where it activates genes involved in longevity-promoting processes. In addition, stress

can also activate the FOXO3 gene, leading to increased expression'*.

FOXO3 is a key transcription factor within the Forkhead box O (FOXO) family that orchestrates
cellular responses to stress and plays a central role in maintaining cellular homeostasis and
longevity. It transcriptionally activates a broad range of target genes involved in antioxidant
defense (e.g., SOD2, CAT), DNA repair (e.g., GADDA45A), autophagy (e.g., BECN1,
MAP1LC3B), cell cycle regulation (e.g., CDKN1B/p27”Kipl”®, CDKN1A/p21~Cipl”), and
apoptosis (e.g., BCL2L11/Bim, FASLG!'®). Through these genes, FOXO3 enhances a cell’s
ability to mitigate oxidative stress, maintain genomic integrity, and clear damaged proteins and
organelles. This multi-functional role places FOXO3 at a critical intersection of pro-survival and

pro-death signaling pathways*?.

Importantly, FOXO3 has a context-dependent role in cellular senescence®®. Under mild or transient
stress, FOXO3 activation supports cellular repair and survival, delaying senescence by enhancing
antioxidant capacity and facilitating DNA repair and autophagy. For example, FOXO3-induced
expression of SOD2 and CAT reduces mitochondrial reactive oxygen species (ROS), a major
trigger of senescence. However, in the setting of persistent DNA damage or chronic oxidative
stress, FOXO3 can promote senescence by upregulating p21 and p27, which induce permanent
cell cycle arrest. This ability to initiate or delay senescence suggests that FOXO3 acts as a quality
control switch, preserving tissue function by eliminating or halting the proliferation of damaged
cellst®.
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FOXO3 also indirectly shapes the senescence-associated secretory phenotype (SASP), a pro-
inflammatory profile secreted by senescent cells that includes cytokines (e.g., IL-6, IL-1B),
chemokines, and proteases. Although FOXO3 does not directly transcribe SASP genes, it
negatively regulates NF-xB, a key driver of SASP expression, thereby dampening chronic
inflammation and reducing bystander senescence in surrounding tissues®. In immune cells,
FOXO3 restrains excessive immune activation, maintaining immune tolerance and suppressing
inflammaging. This immunomodulatory role is especially important in aging tissues, where
senescent cells and their SASP contribute to chronic low-grade inflammation, tissue dysfunction,

and the progression of cardiometabolic diseases.

In summary, FOXO3 exerts a dual role in senescence: it can preserve cell and tissue function
through stress resistance and repair, while also acting as a tumor suppressor by enforcing growth
arrest or apoptosis when damage is irreversible!’. Its ability to modulate multiple hallmarks of
aging, including genomic stability, proteostasis, inflammation, and stem cell function makes it a
promising therapeutic target in the context of age-related diseases such as cardiovascular disease,
diabetes, and neurodegeneration®. Ongoing research is needed to further clarify FOXO3’s
influence on SASP dynamics, senescent cell clearance, and tissue-specific effects in aging and

disease.

1.5 FOXO3 Signaling Pathways and Cellular Stress Resistance

In lower eukaryotic model organisms such as Caenorhabditis elegans and Drosophila
melanogaster!®?°, FOXO homologs have been shown to be pivotal regulators of lifespan extension,
particularly in response to environmental stress and caloric restriction. In C. elegans, the FOXO

homolog daf-16 is a critical downstream effector of the insulin/IGF-1 signaling (11S) pathway. One
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of the earliest and most influential studies by Kenyon et al. (1993) demonstrated that loss-of-
function mutations in the daf-2 gene, which encodes an insulin/IGF-1 receptor homolog, resulted
in a doubling of worm lifespan, a phenotype that was entirely dependent on the activity of daf-
162122, This finding positioned FOXO as an essential mediator of longevity under reduced insulin

signaling and paved the way for understanding how nutrient-sensing pathways influence aging.

Similarly, in Drosophila, the FOXO homolog dFOXO is activated under conditions of oxidative
stress or reduced insulin signaling and has been shown to extend lifespan when overexpressed in
specific tissues. Previous studies demonstrated that targeted overexpression of dFOXO in the fat
body of flies, a tissue analogous to the liver and adipose tissue in mammals led to a 20-30%
increase in median lifespan. These studies highlighted that FOXO activity in metabolically active
tissues is sufficient to confer systemic longevity benefits, likely through enhanced stress resistance

and altered metabolism?®.

In mammalian models, FOXO3 plays a pivotal role in mediating the beneficial effects of caloric
restriction (CR), a well-established intervention known to delay aging and extend lifespan. Studies
in mice have shown that FOXO3 is required for the lifespan-extending effects of CR, as FOXO3
knockout mice fail to experience the full longevity benefits of a restricted diet. This indicates that
FOXO3 functions as a key transcriptional regulator that translates nutrient-sensing signals into
protective cellular responses??23, Under CR, FOXO3 enhances the expression of genes involved
in stress resistance, mitochondrial function, and metabolic homeostasis, including those regulating
antioxidant defense and autophagy. These downstream targets help reduce oxidative damage,
maintain tissue integrity, and preserve stem cell pools, mechanisms that are critical for slowing
age-related decline. The essential role of FOXO3 in this process underscores its evolutionary
conservation as a longevity factor and reinforces its significance in age-related disease modulation.
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Together, these foundational studies established that FOXO homologs act as evolutionarily
conserved longevity genes and are essential for lifespan extension under reduced insulin/IGF-1
signaling or dietary restriction. They also prompted extensive interest in FOXO3 as a molecular
link between stress resilience, healthy aging, and reduced disease risk in humans, laying the
groundwork for later human genetic studies that associated FOXO3 polymorphisms with

exceptional longevity.

1.6 FOXO03 Regulation of Immune and Inflammatory Pathways
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Figure 4. The rules and regulatory mechanisms of FOXO3 on inflammation, metabolism, cell death
and aging in host. (Cao et.al. 2023)

The role of FOXO3 in human longevity has been substantiated by numerous genome-wide
association studies (GWAS), candidate gene studies, and replication studies across multiple
populations. Among the most studied longevity associated polymorphisms, and the first one
discovered to be associated with human lifespan, is rs2802292- a single nucleotide polymorphism
located in intron 2 of the FOXO3 gene. The rs2802292 allelic variants, referred to as either G or

TT, have been consistently associated with longevity in both men and women across ethnically
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diverse populations, including cohorts from Japan, Germany, Italy, and the United States®*28, The
rs2802292 G allele is typically the minor allele and is associated with extended longevity. Carriers
of the G allele are thought to have higher basal and/or inducible FOXO3 expression, which is
thought to convey enhanced cellular stress response and promote maintenance of healthy aging

phenotypes.

The molecular mechanism by which rs2802292 and nearby SNPs influence FOXO3 function may
involve promoting enhancer activity that boosts FOXO3 transcription under stress conditions.
Exposure of human cells to oxidative stress has shown that the FOXO3 gene forms an interactome
with other nearby genes on chromosome 6, correlating with enhanced expression (Donlon T et al,
Aging Cell 2017). Enhanced FOXO3 expression in turn may drive greater transcriptional
activation of downstream targets involved in oxidative defense, DNA repair, and anti-
inflammatory regulation. Studies using luciferase reporter assays and chromatin
immunoprecipitation have provided supporting evidence that this SNP modifies transcription
factor binding sites, thereby altering FOXO3 gene regulation in a way that benefits cellular

homeostasis.

Accumulating evidence from Donlon and colleagues has firmly established FOXO3 as a critical
genetic factor in promoting human longevity and resilience to cardiometabolic diseases (CMDs).
Their studies have shown that the longevity-associated G allele at rs2802292 enhances FOX0O3
transcriptional activity, particularly under stress conditions such as oxidative damage?®. This
upregulation leads to increased expression of downstream target genes involved in key cellular
maintenance pathways, including antioxidant defense (e.g., SOD2, catalase), DNA repair (e.g.,
GADD45), and anti-inflammatory regulation (e.g., 1L-10). Notably, analyses from the Health,
Aging, and Body Composition (Health ABC) Study cohort revealed that older adults with pre-
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existing coronary artery disease who carried the FOXO3 protective allele experienced significantly
reduced all-cause mortality compared to non-carriers?®. These findings highlight FOXO3’s
functional importance in mitigating the effects of chronic disease and preserving physiological
integrity later in life. By sustaining cellular homeostasis and reducing inflammatory and oxidative
stress burden, FOXO3 appears to play a central role in promoting survival among older individuals

with CMDs.

In the context of CMDs, several cohort studies have demonstrated that individuals carrying the
longevity-associated FOXO3 allele exhibit lower incidence or delayed progression of age-related
diseases. For example, data from the Kuakini Honolulu Heart Program indicate that men of
Japanese ancestry with the protective FOXO3 genotype had significantly lower risk of dying from
coronary heart disease,?’ even when accounting for known risk factors such as BMI, smoking, and
physical activity. The FOXO3 G allele was also associated with reduced mortality in those with
coronary artery disease in the Health ABC cohort?®, Similarly, analyses of the CHAMP cohort in
Australia found that older men with the longevity associated FOXO3 variant showed lower levels

of systemic inflammation, better physical function and reduced mortality in those with angina.

1.7 FOXO03 in Cardiovascular and Metabolic Health

Functionally, FOXO3 exerts broad protective effects in both cardiovascular and metabolic
systems, making it a vital transcription factor for maintaining homeostasis during aging. In
endothelial cells, FOXO3 activity promotes nitric oxide synthesis and reduces oxidative damage,
preserving vascular flexibility and limiting the progression of atherosclerosis. This is achieved
through transcriptional upregulation of endothelial nitric oxide synthase (eNOS)?°, which

maintains vasodilation and reduces vascular resistance®3!. Concurrently, FOXO3 downregulates
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pro-inflammatory and pro-oxidant enzymes, such as NADPH oxidase, helping to prevent oxidative
stress-mediated endothelial dysfunction®. Experimental models have demonstrated that mice
lacking FOXO3 exhibit early signs of vascular aging, including increased arterial stiffness and

impaired endothelial barrier integrity, both of which are key contributors to cardiovascular disease.

Beyond the vasculature, FOXO3 plays an equally important role in metabolic tissues including the
liver, skeletal muscle, and adipose tissue. FOXO3 activation supports energy balance by enhancing
mitochondrial oxidative capacity and promoting fatty acid oxidation, which helps prevent lipid
accumulation and ectopic fat deposition, a hallmark of insulin resistance®. It also inhibits genes
involved in lipogenesis and hepatic glucose production, reducing the burden of hyperglycemia and
dyslipidemia. In skeletal muscle, FOXO3 helps preserve mitochondrial biogenesis and prevents
sarcopenia, a common complication in metabolic syndrome and aging. Mouse models
overexpressing FOXO3 in skeletal muscle show enhanced endurance, improved glucose uptake,
and resistance to high-fat diet-induced insulin resistance. Moreover, FOXO3’s ability to regulate
cellular inflammation extends its protective reach systemically. It suppresses the NF-«kB signaling
pathway, a master regulator of pro-inflammatory cytokine expression, thereby reducing levels of
IL-6, TNF-a, and IL-1 in which all are elevated in CMDs. FOXO3 simultaneously increases anti-
inflammatory mediators such as IL-10 and antioxidant enzymes like catalase, reinforcing a

protective anti-inflammatory feedback loop . These actions collectively buffer

Evidence from the Kuakini Honolulu Heart Program further emphasizes FOXO3’s critical role in
CMD resilience. Longitudinal analyses from this cohort of aging Japanese-American men revealed
that those carrying the FOXO3 longevity-associated allele had significantly reduced incidence of

coronary artery disease?’. Importantly, these benefits were observed even in individuals with high-
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risk health profiles, suggesting that FOXO3 activity may override traditional risk factors to a

degree.

Taken together, FOXO3 serves as a master regulator at the crossroads of metabolic regulation,
vascular integrity, immune modulation, and cellular stress response. Its influence spans molecular,
cellular, and systemic levels, offering comprehensive protection against the multifactorial decline
associated with CMDs?8, Future studies that target FOXO3-related pathways through genetic,
pharmacological, or lifestyle interventions hold promise for promoting healthy aging and delaying

CMD onset in at-risk populations.

Furthermore, research suggests that the protective effects associated with the FOXO3
polymorphisms extend beyond simple disease progression to encompass broader traits of healthy
aging. These may include improved cognitive performance, preserved muscle strength, and lower
frailty scores, all of which contribute to an increased healthspan. FOXO3 polymorphisms may also
interact with lifestyle factors, such as diet, physical activity, and sleep to modulate CMD risk more
dynamically than previously appreciated. This highlights the potential of FOXO3 as a key
biomarker for resilience and a candidate target for geroprotective interventions. Together, these
findings support a robust genetic foundation for FOXO3’s role in human aging and CMD
resilience. The consistent replication of FOXO3-longevity associations across multiple cohorts
underscores its relevance as a critical node in stress-adaptive networks. Ongoing research into the
functional consequences of these polymorphisms will be essential for developing precision

medicine strategies that leverage FOXO3 to improve late-life health outcomes.
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1.8 Telomere Biology and Change During Aging

Telomeres, the repetitive DNA sequences (TTAGGG) capping eukaryotic chromosomes, are
essential to preserving genomic stability and preventing chromosomal degradation or fusion®3,
Each time a somatic cell divides, the DNA replication machinery fails to fully replicate the ends
of linear chromosomes, known as the end-replication problem, leading to progressive telomere
shortening. This shortening serves as a biological clock that limits the number of times a cell can
divide. When telomeres reach a critically short length, a DNA damage checkpoint is signaled
leading cells to the induction of replicative senescence or apoptosis, processes that are tightly
linked to aging®*. In cardiometabolic diseases (CMDs), the attrition of telomeres may play a central
role in both disease progression by compromising the regenerative capacity of vascular, immune,

and metabolic tissues.

Additionally, telomeres are not passive genomic structures capping the ends of chromosomes; they
participate in active signaling pathways. Dysfunctional telomeres trigger a DNA damage response
(DDR), activating such as p53 and p21 that enforce cell cycle arrest. In endothelial cells, telomere-
induced senescence alters cell function and contributes to the secretion of pro-inflammatory
cytokines, a phenomenon known as the senescence-associated secretory phenotype (SASP). These
secretions exacerbate tissue inflammation and remodeling, creating a microenvironment
conducive to atherosclerosis, insulin resistance, and other features of CMD. Thus, telomere
attrition and ultimately telomere dysfunction serves as a molecular link between cellular aging and
the chronic inflammation. Also, as telomeres shorten, the spatial chromatin organization changes,
potentially leading to transcriptional dysregulation®. This form of epigenetic remodeling may be
an alternative mechanism by which telomere dynamics influence CMD risk, extending beyond

individual cell senescence.
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Differences in telomere length are also shaped by both genetic and environmental factors,
including Inherited variation in telomerase gene expression as well as individual variation in
oxidative stress burden and lifestyle behaviors such as smoking, diet, and physical inactivity.
Enhanced shortening of telomeres has been observed in individuals with 1 or more CMD,
suggesting that telomere length could serve as a clinically meaningful biomarker of CMD risk

stratification.

1.9 Telomere Attrition in CMD

Telomere attrition is consistently associated with cardiometabolic disorders, including
hypertension®, type 2 diabetes mellitus (T2DM), coronary artery disease (CAD), and congestive
heart failure. Numerous epidemiological studies have demonstrated that patients with shorter
leukocyte telomere length (LTL) have a higher incidence of CMDs, independent of chronological
age. For example, meta-analyses reveal that individuals with the shortest LTL have significantly
higher odds of myocardial infarction and ischemic heart disease®’. These associations persist even
after adjusting for conventional risk factors, suggesting that telomere attrition is not merely a

consequence but a potential driver of CMD pathogenesis.

The relationship between oxidative stress and telomere length is likely to be relevant in CMDs.
Vascular endothelial cells and pancreatic B-cells are highly sensitive to oxidative damage, which
accelerates telomere erosion and compromises cell function®®. In atherosclerosis, for instance,
endothelial cells with short telomeres are less capable of repairing damaged vessels, leading to
plaque instability and thrombosis. In T2DM, telomere erosion in pancreatic islets contributes to 3-
cell dysfunction and impaired insulin secretion®. These findings suggest critical telomere attrition

may be a mechanistic link between metabolic stress and vascular dysfunction, both central features
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of CMD. Longitudinal studies reinforce the role of telomere dynamics in cardiometabolic disease
progression®. It is not only the baseline telomere length that matters, but also the rate at which
telomeres shorten over time. Patients who experience more rapid LTL attrition over a few years
show faster progression of atherosclerotic burden and higher risk of cardiovascular events. This
observation underscores the potential utility of LTL monitoring in risk assessment, patient

stratification, and treatment response tracking in CMD management.

Furthermore, telomere shortening impacts immune competence, particularly in aging populations
with CMDs. Short telomeres in hematopoietic stem cells and T lymphocyte precursors limit the
renewal of immune cell populations, reducing the ability to clear pathogens or resolve
inflammation®®4°, This state of immunosenescence exacerbates low-grade inflammation and
enhances susceptibility to infections, complicating CMD outcomes. Together, these studies imply
that telomere attrition is not only a molecular hallmark of aging but also a key contributor to the

immunometabolic dysfunction characteristic of cardiometabolic disease.

1.10 Telomerase and Therapeutic Implications

Telomerase, the enzymatic complex responsible for extending telomeric DNA, is repressed in most
human somatic cells but remains active in germline, stem, and is reactivated in most cancer cells.
Its catalytic subunit, telomerase reverse transcriptase (TERT) and the telomerase RNA component
(TERC), are tightly regulated*’. Reactivating telomerase expression in aging tissues holds
therapeutic potential for delaying senescence and restoring regenerative capacity. Preclinical
studies in mice have shown that forced expression of telomerase can protect against cardiovascular

damage, reduce arterial stiffness, and improve metabolic outcomes. These findings have inspired
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interest in telomerase-based therapies for CMD, particularly as a way to slow or reverse age-related

tissue decline.

One pharmacological approach which may have therapeutic benefit to protect against CMD is the
nutraceutical TA-65, a telomerase activator derived from the plant Astragalus membranaceus.®®
Clinical studies have demonstrated that TA-65 modestly increases telomerase activity in peripheral
blood mononuclear cells and reduces levels of inflammatory markers such as CRP and IL-6%.
Although the long-term cardiovascular benefits are still under investigation, these early trials
suggest a safe and tolerable strategy for telomere maintenance and potentially protection against
CMD progression. Other compounds, including androgens and nutraceuticals like resveratrol,
have also been proposed to influence telomerase expression, but their efficacy remains less

established.

Complementing these findings, the DePinho group published a comprehensive review in Cell that
positioned telomere dysfunction as a central hallmark of aging, closely linked to genomic
instability, mitochondrial dysfunction, and chronic inflammation®*44, The authors emphasized that
restoring telomere function through telomerase activation could reverse multiple aging-related
phenotypes. Their lab has also identified small-molecule compounds capable of epigenetically
reactivating TERT, the gene encoding telomerase reverse transcriptase, leading to improved
neuromuscular and cognitive function in aged mice*. Together, these findings support the
therapeutic potential of telomerase activation, whether through natural compounds like TA-65 or

synthetic small molecules as a strategy to mitigate cellular aging and promote healthier lifespan.

Gene therapy presents a more direct route for telomerase reactivation. For example, adeno-

associated virus (AAV)-mediated TERT delivery has been tested in animal models, where it
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extended lifespan and improved cardiac function without increasing cancer risk. CRISPR/Cas9-
mediated editing of telomerase regulators could allow for precise tuning of telomerase activity in
CMD-relevant tissues*®. However, the potential for off-target effects and oncogenesis remains a
major hurdle, especially in translating these findings into human trials. Balancing the regenerative
benefits of telomerase activation with the risks of genomic instability is a key challenge moving
forward. Transient activation of telomerase may well provide a safer approach to telomere

rejuvenation.

Beyond pharmacological and gene-based therapies, lifestyle interventions show promise in
preserving telomere length. Regular physical activity, plant-based diets, mindfulness meditation,
and stress reduction have been correlated with longer telomeres and better measures of biological
age. These non-pharmacologic strategies offer low-risk adjuncts to more targeted therapies and
may serve as first-line interventions in individuals at elevated CMD risk. Ultimately, combining
telomere-targeted therapeutics with behavioral modification could form the basis of an integrated,

personalized approach to CMD prevention and healthy aging.

1.11 Rationale for ML in Biomedical Aging Research

Machine learning (ML) is revolutionizing biomedical research by enabling the integration and
interpretation of complex, high-dimensional datasets, which are increasingly common in aging and
CMD studies. Traditional statistical approaches, while useful for hypothesis testing, often fall short
in identifying non-linear patterns or complex interactions between variables*”*8. In contrast, ML
algorithms can uncover hidden correlations across genetic, epigenetic, proteomic, and clinical data,

enabling the discovery of new biomarkers and risk signatures for CMD. This makes ML a powerful
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tool for studying aging processes, which are inherently multifactorial and involve intricate

feedback loops.

The rationale for using ML in aging-related CMD research stems in part from the recognition that
biological aging is not a uniform process. Different individuals age at different rates due to genetic,
environmental, and lifestyle influences. ML models, particularly ensemble approaches like
random forests or gradient boosting, can stratify individuals based on their “biological age” or
predicted CMD risk by learning from large training datasets*®*°. These models are also dynamic
which can be continuously updated as new data becomes available, offering an adaptive
framework for prediction and risk management. Moreover, ML facilitates the development of
predictive models that can inform clinical decision-making. By analyzing multi-omic studies as
well as longitudinal data from electronic health records, wearable devices, ML can help identify
early-warning signs of disease, forecast adverse cardiovascular events, and optimize treatment
plans. For example, ML algorithms have been used to predict heart failure readmissions,
distinguish between subtypes of diabetes, and model blood pressure trajectories over time. Inaging
research, such tools can also detect shifts in physiological markers that precede CMD onset,

allowing for earlier intervention and more effective resource allocation*” 2,

However, ML in biomedical contexts also demands interpretability and transparency. While deep
learning models offer high accuracy, their “black box” nature can hinder clinical trust***°, As a
result, newer fields like explainable Al (XAI) are emerging to provide insight into which variables
drive model predictions. This is crucial for aging and CMD applications, where understanding why
a patient is high-risk can shape personalized interventions. Combining the strengths of ML with
domain-specific knowledge in aging biology will be essential to maximize both predictive power
and practical utility.
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1.12 ML for Cytokine Profiling

Inflammatory cytokines play a pivotal role in CMDs and are tightly linked to the aging process.
However, cytokine signaling is highly context-dependent, and their levels fluctuate based on
circadian rhythms, acute illness, and environmental exposures. ML approaches can offer a solution
by detecting stable expression patterns and predictive cytokine signatures across heterogeneous
populations. For example, unsupervised clustering algorithms like k-means or hierarchical
clustering can identify subgroups of patients with distinct inflammatory phenotypes, which may

correlate with differential CMD risk or treatment responsiveness.®%°!

Supervised learning models such as support vector machines (SVM) and random forests have been
employed to classify disease status based on cytokine panels. These models can incorporate dozens
of inflammatory markers simultaneously and assign feature importance to determine which
cytokines most strongly predict disease progression.®? For instance, IL-6 and CRP often emerge
as top contributors in CMD risk models, but ML can reveal less obvious players like IL-17, IL-18,
or IL-10 in specific contexts. These insights not only improve diagnostics but also help identify
novel therapeutic targets for immunomodulatory treatments. ML also supports the integration of
cytokine data with other biological layers, such as transcriptomics and metabolomics. Multimodal
ML models can correlate cytokine shifts with gene expression networks and metabolic pathways
involved in CMD. This systems biology approach enhances our understanding of the upstream
regulators and downstream effects of inflammation, offering a more holistic view of the aging
immune system. For example, integrating cytokine and RNA-seq data may reveal age-related
changes in transcription factors driving chronic inflammation, paving the way for more targeted

anti-aging interventions.>?
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Regarding practical applications, ML-based cytokine profiling can be applied to real-time
monitoring. Wearable biosensors and point-of-care diagnostics now allow for frequent sampling
of inflammatory biomarkers. When paired with ML, these devices can alert clinicians to emerging
disease flares or treatment failures before symptoms manifest. 5°°2As these technologies become
more accessible, continuous inflammatory monitoring could become a cornerstone of proactive

CMD management, especially in older adults with heightened risk profiles.

1.13 Current Challenges and Opportunities

Despite the enormous promise of machine learning in aging and cardiometabolic disease research,
several challenges limit its implementation and reliability. One of the foremost issues is data
heterogeneity in which ML models often rely on datasets with substantial variability in patient
demographics, data quality, and collection methods. Differences in age, sex, ethnicity,
socioeconomic status, and comorbidities can introduce biases if not adequately accounted for in
model training. Moreover, discrepancies in how cytokines are measured, such as using ELISA
versus multiplex bead arrays, can affect the reproducibility and comparability of ML-derived
results across studies. This lack of standardization makes it difficult to translate findings into

generalized clinical tools.>*

Moreover, ethical considerations must be addressed in employing ML for aging and CMD studies.
Data privacy and informed consent are foundational, particularly when dealing with sensitive
longitudinal health records or genetic data. Additionally, there is a growing concern about
algorithmic bias, for example ML models trained on predominantly Western or affluent
populations may underperform in underrepresented groups, potentially reinforcing existing health

disparities. >°Tackling this could involve intentional dataset diversification, fairness-aware
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algorithms, and bias auditing throughout the ML pipeline. As we move towards integrating ML
into personalized medicine, ensuring equity and inclusiveness in algorithmic healthcare is not

optional but imperative.

On the positive side, there are numerous opportunities to enhance ML applications moving
forward. Federated learning, a decentralized ML approach, allows researchers to train models
across multiple institutions without directly sharing patient data, preserving privacy while
expanding data diversity. Another emerging strategy involves integrating multi-omics (e.g.,
transcriptomics, proteomics, epigenomics) with lifestyle and clinical variables to construct holistic
aging profiles.>* These integrative ML models may soon enable personalized risk predictions,
targeted interventions, and even “aging clocks” that can estimate biological versus chronological
age with greater accuracy. As these tools evolve, ML will become a highly valuable tool in not
only understanding CMD aging pathways but also designing individualized interventions that

promote healthy aging.

1.14 Relationship between Cytokines, FOXO3, and Telomeres in CMD Aging

Aging is marked by the progressive deterioration of physiological systems, and one of its most
consistent biological signatures in the elderly is chronic, low-grade inflammation, a condition
known as "inflammaging." This inflammatory state is driven by elevated levels of pro-
inflammatory cytokines, particularly interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-a), as
well as other stress sensory molecules like C-reactive protein (CRP). These inflammatory markers
not only reflect age-related immune dysregulation but also actively contribute to the progression
of cardiometabolic diseases, including type 2 diabetes, atherosclerosis, and hypertension. Chronic

inflammation damages numerous cell types including endothelial cells, impairs insulin signaling,
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and promotes a pro-thrombotic state, making it a central feature in CMD pathology®®®’. The
persistent presence of these inflammatory markers suggests a direct link between

immunosenescence and metabolic disease risk in aging individuals.

FOXO3, a member of the forkhead box O family of transcription factors, plays a pivotal role in
modulating the cellular response to oxidative stress and inflammation. It is considered an important
effector of longevity in humans, with several population-based studies showing that specific
FOXO3 SNP variants are significantly enriched in long-lived individuals. Functionally, FOX0O3
enhances the expression of genes that protect against oxidative damage (such as SOD2 and
catalase), promotes autophagy, and suppresses pro-inflammatory signaling pathways, thereby
contributing to cellular resilience. In the context of CMD, FOXO3 may protect vascular and
metabolic tissues by suppressing the inflammatory load and maintaining a more healthy metabolic
homeostasis.*® Recent work by us has shown that elderly carriers of the longevity associated allele
of FOXO3 have lower levels of CRP, inflammatory cytokines (TNFalpha and IL6), and also
maintain levels of anti-inflammatory cytokines (IL10) with age.?® Its ability to regulate both
immune responses and stress resistance makes it a compelling target for interventions aiming to

delay CMD onset.

Another crucial factor in aging and CMD is telomere biology. Accelerated telomere shortening,
often exacerbated by oxidative stress and chronic inflammation, is associated with an increased
risk of CMDs and age-related mortality. °Relatively recent research suggests that FOXO3
longevity associated variants are associated with maintenance of telomere length during aging.
Moreover, telomeric damage itself can trigger inflammatory responses, creating a feedback loop

between telomere erosion and cytokine signaling.
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The interplay among inflammatory cytokines, FOXO3 activity, and telomere dynamics offers a
cohesive framework for understanding the molecular basis of CMD in aging. This triad represents
a convergence point of genetic, epigenetic, and environmental influences on healthspan.
Therapeutic approaches that enhance FOXO3 function, reduce systemic inflammation, and/or
stabilize telomeres may collectively mitigate CMD risk and support healthier aging. Continued
research into how these pathways interact will be essential for developing integrated interventions

that target multiple aging-related mechanisms simultaneously.

1.15 Emerging Technologies and Personalized Medicine

The past decade has witnessed remarkable technological progress in the fields of genomics,
transcriptomics, and digital health, reshaping how researchers and clinicians approach aging and
CMD. Advanced tools such as single-cell RNA sequencing®, mass spectrometry-based
proteomics®, and DNA methylation profiling®* now allow researchers to identify aging
biomarkers and CMD signatures with unprecedented precision. These platforms enable the
dissection of complex biological processes across tissues and cell types, providing insights into
how aging modifies gene expression, immune signaling, and metabolic pathways in ways that

influence disease vulnerability.

Personalized medicine capitalizes on these tools by tailoring interventions to the unique genetic
and molecular profiles of individuals. For example, people carrying protective alleles of the
FOXO3 gene may exhibit slower biological aging and could benefit from less aggressive
treatments or preventative care tailored to their risk level. Conversely, individuals with high levels
of inflammatory cytokines or evidence of rapid telomere shortening might require targeted anti-

inflammatory therapies or lifestyle interventions. Wearable technologies such as continuous
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glucose monitors, smartwatches, and fitness trackers allow for real-time monitoring of physiologic
parameters, making it easier to adapt treatment plans dynamically based on how a person’s health
status changes with time. Machine learning (ML) plays a crucial role in synthesizing and
interpreting the vast datasets generated by these technologies. ML algorithms can integrate diverse
information ranging from genetic data and laboratory results to lifestyle metrics and environmental
exposures to predict an individual’s likelihood of developing CMD or other age-related
conditions.>* These algorithms are being used to identify early warning signs of disease, model the
effects of potential interventions, and stratify patients into different risk categories in terms of
treatment. Importantly, ML can reveal non-linear associations and multi-factorial interactions that

traditional statistical methods might miss, making it a valuable tool in system-level aging research.

As these technologies continue to mature, they promise to redefine how aging and CMD are
diagnosed and managed. Instead of waiting for disease symptoms to manifest, clinicians could
intervene earlier using personalized strategies informed by longitudinal real-time data and
predictive modeling. However, successful implementation will require ongoing investment in
infrastructure, training, and equitable access to ensure that these innovations benefit all segments
of the population. Personalized medicine, powered by emerging technologies, represents a
transformative shift toward proactive, preventative, and precision-based healthcare for aging

individuals.

1.16 Ethical Considerations in ML for Aging and CMD Research
While the integration of machine learning into aging and CMD research holds great promise, it
also introduces complex ethical challenges that must be addressed to ensure responsible and

equitable implementation. One of the most pressing concerns involves data privacy.>® ML
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algorithms rely on vast datasets, often containing sensitive health information, to make accurate
predictions. In the context of aging populations, many of whom may be unfamiliar with digital
systems or have diminished cognitive capacity ensuring that personal data are collected, stored,
and used ethically becomes especially critical. Without clear safeguards and robust consent

protocols, there is a risk of violating individual autonomy and trust.

Algorithmic bias is another ethical issue that can significantly impact the quality and fairness of
healthcare delivery. ML models trained on datasets that lack demographic diversity may produce
skewed results, leading to misdiagnoses or underperformance in minority populations. For
example, if a model used to predict CMD risk is primarily based on data from one ethnic group, it
may fail to accurately assess risk in others. This not only exacerbates existing health disparities
but also erodes the credibility of data-driven tools in clinical settings.>*>> To combat this,
researchers must prioritize diverse, representative data collection and transparently evaluate the

performance of their models across different subgroups.

Informed consent in the digital age is a moving target, especially when data are reused for multiple
purposes or shared across platforms. Aging individuals may struggle to understand how their data
are being used, particularly when algorithms are opaque or involve commercial partnerships.
Ethical research and clinical practice require that informed consent be treated not as a one-time
formality but as a continuous dialogue, with efforts made to communicate risks and benefits in
plain, accessible language. Additionally, users should have the ability to opt out or control how

their data is shared, especially as ML applications evolve.

Finally, even the most accurate algorithms should not replace human oversight. Clinical decisions

based on ML outputs must involve healthcare providers who can interpret the results within the
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broader context of an individual’s history and values. Ethical implementation of ML in aging
research demands transparency, inclusivity, and a strong commitment to protecting the rights and
dignity of older adults. By embedding ethical considerations into every stage of ML development
and deployment, researchers and clinicians can ensure that technology serves as a force for equity

and empowerment rather than exclusion.

1.17 Cross-Sectional and Longitudinal Population Studies

Population-based research is critical to understanding how aging influences the development and
progression of cardiometabolic disease. Cross-sectional studies, which analyze data from a
population at a single point in time, have been instrumental in identifying age-related trends in
CMD risk factors such as hypertension, obesity, glucose intolerance, and inflammation and also
identify how genetic variants affect the progress of CMD. These studies are cost-effective and
efficient, providing valuable information on disease prevalence and demographic disparities. For
example, seminal studies such as the Framingham Heart Study®, the Honolulu Heart Program?’,
and the CHAMP cohort in Australia® have provided crucial insights into how CMD risk
accumulates and evolves with age. These studies have shown that early life exposures, genetic
predispositions, and lifestyle factors all interact dynamically over time to influence CMD
outcomes, making them invaluable for aging research. However, because they only capture a
snapshot, cross-sectional designs cannot establish causality or track how individuals change over

time, a major limitation when studying progressive conditions like CMD.

Population-based research is essential for understanding how aging influences the development of
cardiometabolic disease (CMD). Cross-sectional studies have helped identify age-related trends in

risk factors such as hypertension, obesity, glucose intolerance, and chronic inflammation, while
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also uncovering genetic variants that shape disease risk. For example, Torigoe and colleagues,
using data from the Okinawa Centenarian Study, found that individuals over age 55 carrying the
longevity-associated FOXO3 variant (rs2802292) had longer telomeres, higher telomerase
activity, and lower inflammatory cytokines?®. Other studies have linked variants in genes like

APOAS (e.g., rs662799) to altered triglyceride levels and increased CMD risk.

Longitudinal studies, on the other hand, follow individuals over extended periods, allowing
researchers to observe how aging biomarkers may contribute to disease development. Moreover,
longitudinal datasets are essential for training and validating predictive models, especially those
incorporating machine learning. By analyzing patterns across decades of data, researchers can test
the long-term impact of specific risk factors and interventions. For example, anti-inflammatory
drugs or telomere-preserving compounds can be evaluated for their effects on CMD incidence in
aging populations. Longitudinal designs also allow for the study of transitions between health
states, such as from prediabetes to diabetes, or from healthy aging to frailty, which are critical for

developing staged, personalized interventions.

Despite their benefits, longitudinal studies are resource-intensive, requiring sustained funding,
participant retention, and rigorous data harmonization. As research moves toward integrating
multi-omic and real-time wearable data, future longitudinal studies will need to balance depth and
breadth while maintaining data quality. Nevertheless, the combination of cross-sectional and
longitudinal approaches offers a comprehensive understanding of aging and CMD, enabling
researchers to both identify immediate risk factors and uncover long-term causal mechanisms that

inform prevention and treatment.
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1.18 Population-Based Aging Cohorts and Cardiometabolic Resilience

While mechanistic insights into aging biology have largely emerged from experimental models
and exceptional longevity cohorts, translating these findings to human aging requires validation in
representative population-based studies. Population cohorts capture the full spectrum of aging
trajectories, including individuals with varying genetic backgrounds, environmental exposures,
lifestyle factors, and cumulative disease burden. As a result, they provide a critical framework for

understanding how molecular resilience mechanisms operate under real-world conditions.

Population-based aging cohorts are particularly valuable for studying cardiometabolic disease, as
CMDs develop gradually over decades and are strongly influenced by both biological aging
processes and external risk factors. Unlike exceptional longevity cohorts, which emphasize
delayed disease onset, population cohorts allow investigation of resilience in the presence of
established disease. In this context, resilience is defined by delayed progression, preserved

physiological function, and improved survival despite chronic cardiometabolic stress.

The Concord Health and Ageing in Men Project (CHAMP) is a longitudinal, population-based
cohort specifically designed to examine health outcomes in older adults. CHAMP includes detailed
clinical characterization of cardiometabolic diseases, long-term follow-up for survival outcomes,
and availability of biological samples for genetic and biomarker analyses. These features enable
integrated assessment of FOXO3 genotype, cellular aging markers, and inflammatory profiles

within a clinically relevant aging population.

By leveraging a population-based cohort such as CHAMP, this dissertation evaluates whether
FOXO03-associated mechanisms identified in longevity research extend to typical aging

trajectories marked by accumulated cardiometabolic pathology. This approach allows for direct
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examination of genetic resilience in late life and provides translational relevance for understanding

how aging biology influences cardiometabolic outcomes in the broader population.

1.19 Potential Therapeutic Targets

The identification of therapeutic targets that can delay aging or prevent CMD represents one of the
most promising frontiers in biomedical research. Anti-inflammatory therapies are at the forefront,
given the central role of chronic inflammation in both aging and CMD progression. Drugs that
block IL-1B (such as canakinumab) or TNF-o have shown efficacy in reducing cardiovascular
events and are being explored in aging populations to determine whether they can improve
healthspan Several biologic drugs targeting TNF-a, a key pro-inflammatory cytokine, have shown
promise in reducing systemic inflammation and are being explored for their potential to improve
cardiometabolic outcomes and healthspan in aging populations. TNF-a inhibitors such as
etanercept, infliximab, and adalimumab are widely used to treat chronic inflammatory conditions
like rheumatoid arthritis and Crohn’s disease. These agents work by neutralizing circulating TNF-
a and thereby dampening downstream inflammatory signaling. In patients with autoimmune
disorders, long-term use of TNF-a blockers has been associated with reduced cardiovascular
events, suggesting a broader anti-inflammatory benefit. By dampening excessive cytokine
signaling, these interventions may reduce endothelial dysfunction, insulin resistance, and

myocardial stress, key features of CMD in older adults.

The stress response transcription factor FOXO3 has also emerged as a highly attractive target due
to its regulation of oxidative stress response!®, DNA repair®®, and metabolic processes®.
Enhancing FOXO3 activity could reinforce cellular defenses, slow aging-related damage, and

mitigate CMD risk. While methods for direct pharmacological activation of FOXO3 have yet to
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be developed, we showed that astaxanthin, a nutraceutical carotenoid supplement, can activate
FOXO3 in multiple tissues in mice, including the heart. Astaxanthin has also been reported to have
anti-inflammatory properties. Researchers are also investigating pathways upstream of FOXO3
such as AMPK and PI3K/AKT, which can be modulated through compounds like metformin,
resveratrol, or caloric restriction mimetics. These interventions offer indirect yet potentially

powerful ways to enhance FOXO3 function and extend healthspan.

Another area of interest involves telomere biology. The supplement TA-65, derived from the
Chinese herbal supplement astragalus, has proven to be both safe for consumption, and to
rejuvenate telomere length in animal and human studies. *? Alternative approaches are also being
developed, which aim, for example, to protect telomere structure and reduce damage without
promoting unchecked cell division. For example, compounds that enhance shelterin complex
stability or DNA repair mechanisms are being evaluated for their ability to preserve genomic
integrity. Senolytics, a newer class of drugs that selectively eliminate senescent cells, have also
shown promise in preclinical models of CMD, where they appear to improve vascular function,

reduce inflammation, and enhance physical performance.®

Ultimately, a multi-targeted approach may be required to effectively address the complexity of
aging and CMD. Combining anti-inflammatory, antioxidative, and gene-regulatory strategies,
potentially informed by personalized molecular profiles offers the best chance of achieving
meaningful improvements in healthspan. As our understanding of aging biology deepens, the
development of safe, scalable, and accessible therapies will be critical to translating basic science

discoveries into real-world benefits for aging populations.
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1.20 Rationale and Objectives of This Dissertation

Despite growing recognition of FOXO3 as a key longevity-associated gene, the mechanisms
through which FOXO3 influences cardiometabolic aging in population-based cohorts remain
incompletely understood. In particular, it is unclear whether FOXO3-associated resilience in late
life is mediated primarily through modulation of inflammatory pathways, preservation of telomere
integrity, or coordinated regulation of both processes. Addressing this gap requires integrative
analyses that examine genetic variation alongside cellular aging markers and inflammatory profiles

within a representative aging population.

The overarching objective of this dissertation is to identify molecular drivers of cardiometabolic
resilience in aging, with a specific focus on FOXO3 genotype, telomere dynamics, and
inflammatory cytokine profiles. Using data from the Concord Health and Ageing in Men Project
(CHAMP), this work examines how FOXO3-associated genetic variation influences
cardiometabolic disease outcomes, survival, cellular aging markers, and immune regulation in

older adults.

Chapter 2 investigates the association between FOXO3 genotype and cardiometabolic disease
prevalence and survival outcomes across angina, diabetes, and hypertension. Using genotype-
stratified survival and regression analyses, this chapter evaluates whether FOXO3-associated
resilience is evident in the presence of cardiometabolic disease and advanced age. Chapter 3
focuses on the relationship between FOXO3 genotype and leukocyte telomere length as a marker
of cellular aging. This chapter examines whether telomere dynamics differ by genotype across
cardiometabolic disease states and assesses the contribution of telomere length to cardiometabolic
resilience in later life. Chapter 4 examines inflammatory cytokine profiles associated with
cardiometabolic disease and FOXO3 genotype. By integrating cytokine measurements with
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genetic and clinical data, this chapter evaluates genotype-specific inflammatory signatures and

their relevance to cardiometabolic outcomes in aging.

By integrating genetic, cellular, and inflammatory dimensions of aging, this dissertation advances
understanding of the molecular mechanisms that contribute to cardiometabolic resilience in later
life. Identifying pathways through which FOXO3 modulates disease progression and survival has
implications for aging biology, risk stratification, and the development of interventions aimed at

promoting cardiometabolic healthspan.

Insights gained from this work may inform strategies to identify individuals at heightened or
reduced risk for cardiometabolic decline and to design targeted interventions that modulate
inflammatory or stress-response pathways. More broadly, this dissertation underscores the
importance of studying aging mechanisms within population-based cohorts to ensure translational

relevance and applicability to real-world aging populations.
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Chapter 2: Materials and Methods

2.1 Study Cohort and Cardiometabolic Disease Ascertainment

The study population was derived from the Concord Health and Ageing in Men Project (CHAMP),
a longitudinal, population-based cohort designed to investigate determinants of health, aging, and
disease in older men.>? CHAMP recruited 1,705 community-dwelling men aged 70 years and older
between 2005 and 2007 from the Sydney metropolitan area using electoral rolls and community
outreach strategies. Participants were required to reside within the study catchment area and to be
capable of providing informed consent. Individuals with terminal illness or severe cognitive

impairment at baseline were excluded.

All participants provided written informed consent prior to enrollment. The study protocol was
approved by the Human Research Ethics Committee of the University of Sydney, and all
procedures adhered to the principles of the Declaration of Helsinki. Baseline assessments included
structured questionnaires, standardized clinical examinations, medication inventories, and

collection of fasting blood samples for biochemical, inflammatory, and genomic analyses.

Cardiometabolic disease (CMD) status was defined at baseline and included angina, diabetes, and
hypertension. Disease ascertainment was based on a combination of objective clinical
measurements, laboratory biomarkers, and validated self-reported physician diagnoses, ensuring

robust phenotypic classification.
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Angina was defined as physician-diagnosed ischemic chest pain attributable to coronary artery
disease. Diagnosis was confirmed using structured medical history questionnaires and clinical

evaluation, consistent with established CHAMP protocols.

Diabetes status was determined using both biochemical and clinical criteria. Participants were
classified as having diabetes if they met one or more of the following conditions: elevated fasting
plasma glucose levels consistent with diagnostic thresholds, elevated glycated hemoglobin
(HbA1c) levels meeting criteria for diabetes, self-reported physician diagnosis of diabetes, or use
of glucose-lowering medication at baseline. Fasting glucose and HbAlc measurements were
obtained from baseline blood samples collected under standardized conditions, allowing objective

assessment of glycemic control.

Hypertension was defined using measured blood pressure values and clinical history. Systolic and
diastolic blood pressure were measured at baseline using standardized protocols with calibrated
sphygmomanometers. Participants were classified as hypertensive if they exhibited elevated
systolic blood pressure, elevated diastolic blood pressure, reported a physician diagnosis of

hypertension, or were using antihypertensive medication.

Participants were categorized into disease-specific groups (angina, diabetes, or hypertension), an
overall CMD group defined as the presence of one or more cardiometabolic conditions, and a
CMD-free reference group. These classifications enabled disease-stratified and genotype-stratified

analyses to assess FOXO3-associated effects across distinct cardiometabolic phenotypes.

2.2 Genomic DNA Extraction
Genomic DNA was extracted from peripheral whole blood samples collected at baseline from

participants in the CHAMP cohort. Blood samples were processed using standard phenol—
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chloroform extraction methods or validated commercial DNA extraction Kkits, following
manufacturer protocols. Briefly, leukocytes were lysed to release genomic material, proteins were
removed through organic solvent extraction or column-based purification, and DNA was

precipitated and resuspended in nuclease-free buffer.

DNA concentration and purity were assessed using spectrophotometric methods by measuring
absorbance at 260 nm and 280 nm. Samples with A260/A280 ratios within acceptable ranges were
retained for downstream analyses. DNA integrity was further confirmed by agarose gel
electrophoresis in a subset of samples. Extracted DNA was stored at —20°C until use in genotyping

and telomere length assays.?*

2.3 FOX03 Genotyping by Polymerase Chain Reaction

Genotyping of the FOXO3 longevity-associated single nucleotide polymorphism rs2802292 was
performed using polymerase chain reaction (PCR)—based allelic discrimination assays. Specific
primers were designed to amplify the genomic region encompassing the rs2802292 locus. Primer
design was optimized to ensure specificity, minimal secondary structure formation, and efficient

amplification.

PCR reactions were prepared in a total volume of 25 uL containing 10-50 ng of genomic DNA,
10 pL of 2x PCR Master Mix (including Tag DNA polymerase, deoxynucleotide triphosphates,
and MgCL), 1 pL each of forward and reverse primers (10 uM), and nuclease-free water. Reactions

were assembled on ice to minimize non-specific amplification.

Thermal cycling was performed using a programmable thermocycler under the following
conditions: initial denaturation at 95°C for 3 minutes to ensure complete DNA strand separation,

followed by 34 cycles of denaturation at 95°C for 30 seconds, annealing at 60°C for 30 seconds,
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and extension at 72°C for 1 minute. A final extension step at 72°C for 5 minutes was included to

allow complete synthesis of amplified products.

PCR products were resolved by agarose gel electrophoresis using a 3% agarose gel prepared in 1x
TAE buffer containing ethidium bromide. Five microliters of each PCR product mixed with
loading dye were loaded alongside a 100 bp DNA ladder to verify product size. Electrophoresis
was conducted at 90 V for approximately 90 minutes, and DNA bands were visualized under
ultraviolet illumination. Expected band sizes corresponding to FOXO3 alleles were confirmed

prior to allelic discrimination analysis.*

2.4 Statistical Analysis

All statistical analyses were conducted using RStudio (version R-4.4.2). Analytical strategies were
pre-specified according to the biological questions addressed in this dissertation and were tailored
to each outcome of interest, including survival, leukocyte telomere length, and inflammatory
cytokine profiles. Only participants with complete and high-quality data for relevant variables
were included in each analysis to minimize bias and ensure interpretability. Statistical significance
was assessed using two-sided tests, with a p-value threshold of <0.05 considered statistically

significant.

2.5 Descriptive and Baseline Analyses

Baseline demographic, clinical, and biochemical characteristics were summarized to characterize
the study population and assess comparability between FOXO3 genotype groups. Continuous
variables were summarized using means and standard deviations or medians and interquartile
ranges, depending on distributional properties, while categorical variables were summarized using

counts and percentages.
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Comparisons between FOXO3 G-allele carriers (GT/GG) and TT homozygotes were performed
using Student’s t-tests for normally distributed continuous variables, Wilcoxon rank-sum tests for
non-normally distributed variables, and chi-square tests for categorical variables. These analyses

served to identify potential confounders and to inform covariate selection in multivariable models.

2.6 Survival Analysis
Time-to-event analyses were used to evaluate associations between FOXO3 genotype and all-
cause mortality across cardiometabolic disease categories. Follow-up time was calculated from the

baseline assessment date to the date of death or censoring at the last known follow-up.

Kaplan—Meier survival curves were generated to estimate survival probabilities stratified by
FOXO3 genotype within disease-specific groups (angina, diabetes, hypertension), the overall
CMD group, and CMD-free participants. The Kaplan—Meier estimator was chosen for its non-
parametric nature and ability to accommodate censored observations. Differences between
survival curves were assessed using the log-rank test, which evaluates equality of survival

distributions over time.

To quantify genotype-associated differences in mortality risk while adjusting for covariates, Cox
proportional hazards regression models were fitted. Hazard ratios (HRs) and 95% confidence
intervals (Cls) were estimated for FOXO3 genotype within each CMD category. Analyses were
stratified by age group (70-79, 80-89, and 90-99 years) to evaluate whether FOXO3-associated
survival effects were age dependent, consistent with hypotheses regarding late-life genetic

resilience.

Two hierarchical models were constructed. Model 1 adjusted for age alone to assess baseline

genotype effects. Model 2 included additional covariates known to influence cardiometabolic
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mortality, including body mass index, fasting glucose, alcohol intake, depressive symptoms,
history of cancer, and history of stroke. The proportional hazards assumption was evaluated using
Schoenfeld residuals and visual inspection of scaled residual plots. Models that failed to converge

due to low event counts were reported as not determined and interpreted cautiously.

2.7 Quantitative PCR Measurement of Leukocyte Telomere Length

Leukocyte telomere length was quantified using a quantitative polymerase chain reaction (qQPCR)
assay based on the method originally described by Cawthon. This technique estimates relative
telomere length by comparing telomere repeat copy number (T) to a single-copy reference gene

(S) within the same DNA sample, expressed as the telomere-to-single-copy gene (T/S) ratio.

gPCR reactions were performed in 20 pL volumes containing 10-20 ng of genomic DNA, 10 puL
of 2x SYBR Green PCR Master Mix, telomere-specific primers or single-copy gene primers, and
nuclease-free water. Telomere and single-copy gene reactions were run on separate plates to avoid

primer interference, but under identical thermal cycling conditions to ensure comparability.

Thermal cycling conditions included an initial denaturation at 95°C for 10 minutes, followed by
35 cycles of denaturation at 95°C for 15 seconds and annealing/extension at optimized
temperatures between 54°C and 60°C for 1 minute. All samples were assayed in duplicate or

triplicate, and mean cycle threshold (Ct) values were calculated for each reaction.

Standard curves were generated using serial dilutions of a reference DNA sample to confirm
amplification efficiency for both telomere and single-copy gene reactions. Only assays
demonstrating acceptable efficiency and minimal intra-assay variability were included. Inter-plate

variability was controlled by including the same reference DNA sample on every plate.
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Relative telomere length was calculated using the comparative Ct method. T/S ratios were
normalized to the reference DNA sample to account for plate-to-plate variation. Telomere length
values were treated as continuous variables and interpreted as relative indicators of cellular aging

rather than absolute telomere length.>®

2.8 Quality Control and Assay Validation

Multiple quality control measures were implemented to ensure reliability and reproducibility of
molecular data. DNA samples were randomized across plates to minimize batch effects. All g°PCR
reactions included no-template controls to monitor contamination. Replicate variability was

assessed, and samples with excessive coefficient of variation were excluded.

For genotyping assays, Hardy—Weinberg equilibrium was assessed to evaluate genotype
distribution consistency within the cohort. Telomere and cytokine analyses were restricted to

samples meeting predefined quality thresholds for assay performance.

2.9 Statistical Analysis of Leukocyte Telomere Length

Leukocyte telomere length, expressed as the telomere-to-single-copy gene (T/S) ratio, was
analyzed as a continuous outcome variable and treated as a biomarker of biological aging. Because
telomere dynamics are inherently age dependent, primary analyses focused on age-related

telomere attrition rather than cross-sectional differences alone.

Linear regression models were fitted with telomere length as the dependent variable and age as a
continuous predictor. FOXO3 genotype was included as a binary variable (G-allele carriers vs. TT

homozygotes). An age x FOXO3 genotype interaction term was incorporated to explicitly test
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whether the slope of telomere attrition with age differed by genotype, allowing assessment of

genotype-specific telomere dynamics.

Models were first fitted across the full cohort and subsequently stratified by cardiometabolic
disease status, including angina, diabetes, hypertension, overall CMD, and CMD-free participants.
Telomere length values were log-transformed where appropriate to improve normality and
stabilize variance. Model assumptions were assessed using residual diagnostics. Fitted regression
lines were generated to visualize genotype-specific age—telomere relationships within each disease

category.

2.10 Multiplex Cytokine Assay

Plasma cytokine concentrations were quantified using multiplex bead-based immunoassays, which
enable simultaneous measurement of multiple cytokines from a single plasma sample while
conserving sample volume. Assays were performed using commercially available, validated kits

optimized for human plasma, following manufacturer protocols.

Briefly, plasma samples were thawed on ice and centrifuged to remove any residual particulate
matter. Samples were diluted as required and incubated with fluorescently labeled capture beads
conjugated to analyte-specific antibodies. Following incubation, biotinylated detection antibodies
were added, and signal amplification was achieved using streptavidin—phycoerythrin. Bead-
associated fluorescence intensity corresponding to each cytokine was measured using a compatible

flow-based or imaging-based multiplex detection platform.

Standard curves were generated for each cytokine using manufacturer-provided calibrators
spanning the expected physiological concentration range. Cytokine concentrations were calculated

by interpolating fluorescence intensity values from standard curves using appropriate curve-fitting

63



algorithms. All samples were assayed in duplicate, and mean concentrations were used for

downstream analyses.

2.11 Statistical Analysis of Inflammatory Cytokines

Inflammatory cytokine concentrations were analyzed as continuous variables and log-transformed
when necessary to reduce skewness and minimize the influence of extreme values. Analyses were
conducted separately for each cardiometabolic disease phenotype and stratified by FOXO3

genotype to identify genotype-specific inflammatory signatures.

Multivariable logistic regression models were fitted to estimate odds ratios (ORs) and 95%
confidence intervals for associations between individual cytokines and disease status. Logistic
regression was selected due to the binary nature of cardiometabolic disease outcomes and its
interpretability for biomarker—disease associations. Models were adjusted for age and relevant
clinical covariates, and genotype-stratified analyses enabled direct comparison of inflammatory

profiles between FOXO3 G-allele carriers and TT homozygotes.

These analyses were designed to identify both protective and risk-associated cytokine patterns and
to assess whether FOXO3 genotype modifies the relationship between inflammatory signaling and

cardiometabolic disease.

2.12 Machine Learning Analysis of Cytokine Profiles
To complement regression-based approaches and capture higher-order relationships among
inflammatory markers, supervised machine learning methods were applied. Cytokine

concentrations were used as predictor variables, and cardiometabolic disease status was used as
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the outcome. Analyses were conducted separately within FOXO3 genotype strata to preserve

genotype-specific inflammatory structures.

Data preprocessing included normalization and scaling of cytokine variables. Models were trained
using cross-validation to minimize overfitting. Model performance was evaluated using
classification accuracy and related metrics derived from cross-validation, and variable importance

measures were extracted to identify cytokines contributing most strongly to disease classification.

This approach enabled the identification of coordinated inflammatory signatures and interaction
patterns that may not be evident in single-marker regression analyses, providing complementary

insight into genotype-dependent inflammatory networks.

2.13 Methodological Summary and Rigor

This dissertation employed an integrated, multi-level methodological framework to investigate
molecular drivers of cardiometabolic resilience in aging. Using data and biospecimens from a well-
characterized, longitudinal cohort of older men, we combined standardized clinical phenotyping,
validated molecular assays, and rigorous statistical and computational analyses to assess
associations among FOXO3 genotype, leukocyte telomere dynamics, inflammatory cytokine

profiles, and cardiometabolic disease outcomes.

All laboratory procedures, including genomic DNA extraction, FOXO3 genotyping, leukocyte
telomere length quantification, and multiplex cytokine measurement, were conducted using
established and widely accepted protocols. Multiple quality control measures were implemented
at each stage of data generation, including assessment of DNA purity and integrity, replicate

measurements for qPCR assays, standardized calibration procedures for cytokine quantification,
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and exclusion of samples failing predefined quality thresholds. These procedures ensured

accuracy, reproducibility, and consistency of molecular measurements across samples.

Statistical analyses were designed to address the specific biological questions posed in this
dissertation and were tailored to the characteristics of each outcome. Survival analyses
incorporated both non-parametric and multivariable modeling approaches, with careful assessment
of model assumptions and age stratification to capture late-life effects. Regression-based analyses
of telomere length and inflammatory cytokines explicitly accounted for age dependence, genotype
interactions, and disease-specific heterogeneity. Machine learning approaches were applied as
complementary tools to evaluate multivariate inflammatory patterns while minimizing overfitting

through cross-validation and model performance assessment.

Together, this comprehensive and rigorously controlled methodological approach provides a
robust foundation for evaluating FOXO3-associated mechanisms underlying cardiometabolic
resilience in aging. By integrating genetic, molecular, clinical, and computational methodologies
within a single analytical framework, this study ensures that the resulting findings are biologically
interpretable, statistically sound, and reproducible, thereby supporting the conclusions drawn in

subsequent chapters.
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CHAPTER 3: Protective Effect of FOXO3 Gene on Cardiometabolic Diseases

3.1 Introduction

Cardiometabolic diseases (CMDs), including type 2 diabetes, hypertension, atherosclerosis, and
cardiovascular disease, represent one of the leading causes of morbidity and mortality worldwide,
particularly among the elderly. As people age, the risk of developing CMDs increases significantly
due to the accumulation of metabolic stress, chronic inflammation, and progressive organ
dysfunction.»? In older adults, these conditions not only reduce quality of life and functional
independence but also pose a major burden on healthcare systems.®* In the United States alone,
the annual cost of managing cardiometabolic conditions exceeds hundreds of billions of dollars,
driven by hospitalizations, long-term care, and the treatment of complications such as heart failure,
stroke, and kidney disease. With populations aging globally, understanding the biological
mechanisms underlying CMDs in older adults is crucial for developing targeted interventions that

promote healthy aging and reduce the socioeconomic toll of these prevalent diseases.

Forkhead box O3 (FOXO3) is a member of the FOXO transcription factor family, which plays a
crucial role in various cellular processes, including oxidative stress resistance,> DNA repair,® and
apoptosis.” FOXO3 has a significant role for its involvement in the regulation of longevity and its
potential as a key genetic determinant of aging.® Research has shown that variations in the FOXO3
gene are associated with increased lifespan,® making it a prominent focus in studies on human
longevity. The FOXO3 G-allele is a longevity-associated single nucleotide polymorphism (SNP)
in the FOXO3 gene that may act as a "resilience” gene.'° This FOXO3 resilience variant (or known
as the rs2802292 SNP) has longevity-associated allele and is located within the non-coding intron

2 region of FOXO03.** This means that people with the G-allele may be more resistant to the
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adverse effects of chronic stress on their cells, which may reduce their risk of cardiovascular
disease and other age-related conditions. FOXO3's ability to modulate stress responses and cellular
homeostasis positions® it as a critical player in the aging process, particularly in how the body

maintains resilience against environmental stressors and damage over time.®

The relationship between FOXO3 and aging has profound implications for understanding and
mitigating age-related diseases, including cardiometabolic diseases (CMDs). Cardiometabolic
diseases encompass a range of age-related disorders, such as angina, diabetes, and hypertension,
that share common metabolic risk factors.? Angina, which presents as chest pain due to reduced
blood flow to the heart, is a common symptom of underlying coronary artery disease and reflects
the broader cardiovascular impact of CMDs. Evidence suggests that FOXO3 may confer protection
against such conditions by enhancing cellular resilience and regulating metabolic pathways
involved in chronic inflammation, insulin resistance, endothelial dysfunction, and oxidative stress.
These conditions often lead to significant morbidity and mortality in aging populations. As aging
is a major risk factor for the development of CMDs, investigating the role of FOXO3 in promoting

longevity and reducing CMD susceptibility becomes highly relevant.

Emerging evidence suggests that FOXO3's role in cellular protection and metabolic regulation
may be a key mechanism that influences not only lifespan but also the rate of progression of
cardiometabolic diseases.’® By enhancing stress resistance and maintaining metabolic balance,
FOXO3 may mitigate the pathological processes that contribute to CMDs, such as chronic
inflammation, insulin resistance, and endothelial dysfunction.!* Understanding the protective
effects of FOXO3 in the context of aging and cardiometabolic health could pave the way for novel
therapeutic strategies aimed at enhancing longevity while reducing the burden of cardiometabolic
diseases.
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3.2 Materials and Methods

3.2.1 Study Cohort

The study cohort consisted of participants from the Concord Health and Ageing in Men Project
(CHAMP), a longitudinal study based in Sydney, Australia. CHAMP recruited 1,705 men aged 70
years and older, primarily from the local community, between 2005 and 2007.% Participants
provided written informed consent, and the study was approved by the Human Research Ethics
Committee of the University of Sydney. Baseline data collection included comprehensive health
assessments, medical history, and blood samples for genomic analysis. For the present study, a
subset of CHAMP participants with available blood samples and complete data on age,
cardiovascular health, and metabolic profiles were selected for FOXO3 genotyping. Genomic
DNA was extracted from whole blood samples using a standard phenol-chloroform method or a
commercial extraction kit. Demographic, clinical, and biochemical data, such as body mass index
(BMI), blood pressure, fasting glucose, and lipid profiles, were collected for each participant,
enabling the examination of the association between FOXO3 genotypes and cardiometabolic

health outcomes in this elderly male population.

3.2.2 Genotyping

Specific primers were designed to target the region of the FOXO3 gene containing the single
nucleotide polymorphism (SNP) of interest (e.g., rs2802292). PCR reactions were prepared in a
total volume of 25 pL, consisting of 10-50 ng of template DNA, 10 pL of 2x PCR Master Mix
(containing Taq DNA polymerase, dNTPs, and MgCl.), 1 pL of forward and reverse primers (10
UM each), and nuclease-free water. The PCR amplification was performed under optimized
conditions: initial denaturation at 95°C for 3 minutes, followed by 34 cycles of 95°C for 30

seconds, 60°C annealing for 30 seconds, and 72°C extension for 1 minute, with a final extension
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at 72°C for 5 minutes. Genotyping was performed by allelic discrimination assays using TagMan®

(Applied Biosystems, Inc.) and a Life Technologies QuantStudio 12K Flex OpenArray system.

The PCR products were analyzed by agarose gel electrophoresis. A 3% agarose gel was prepared
with ethidium bromide for DNA visualization. Five microliters of PCR product mixed with loading
dye were loaded into the gel, alongside a 100 bp DNA ladder. The electrophoresis was run at 90
V for 90 minutes in 1x TAE buffer, and the DNA bands were visualized under UV light. The
expected band sizes corresponding to the different FOXO3 alleles were compared to the DNA

ladder to identify the presence of specific alleles.

3.2.3 Statistical Analysis

Survival analysis was conducted to evaluate the impact of CMD, including diabetes, hypertension,
and angina on survival outcomes, stratified by genetic variants of the rs2802292 locus, specifically
the longevity-associated allele (G allele) and the T allele. The analysis was performed using
RStudio (version [R-4.4.2.]) with the survival and survminer packages. Only high-quality and
complete data were included to ensure robust and reliable results. The Kaplan-Meier (KM) method
was employed to estimate survival probabilities over time for subgroups defined by the presence
of CMD and stratified by rs2802292 genotypes. Survival curves were compared using the log-
rank test to evaluate differences in survival between the allelic groups (G allele carriers vs. T allele
carriers) within each CMD category. Adjustments were made for confounding variables to

minimize bias.

Cox proportional hazards regression models were used to estimate hazard ratios (HRs) and 95%
confidence intervals (Cls) for CMD outcomes. Analyses were stratified by age groups (70-79, 80—

89, and 90-99 years), at time of observation, to assess age-specific associations. Two models were
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constructed for each biomarker within each age group: Model 1 included adjustment for age alone,
while Model 2 included additional covariates known to influence CMD risk, specifically body
mass index (BMI), fasting glucose, alcohol intake, depression status, history of cancer, and history
of stroke. The Cox models were fitted using the survival package and biomarkers were treated as
continuous variables unless otherwise specified. The analyses included the calculation of p-values
to determine the statistical significance of observed differences. A p-value of less than 0.05 was
considered statistically significant. The p-values for each CMD subgroup, stratified by the

rs2802292 alleles, are presented alongside the Kaplan-Meier plots.

Missing data were handled using complete-case analysis- individuals lacking genotype, disease-
status, or survival information were excluded from Cox and Kaplan-Meier models. No statistical
imputation was performed. The proportional hazards assumption was verified using Schoenfeld
residual tests for each Cox model, with no violations detected (global p > 0.10 for all primary
models). Multiple testing correction was not applied because our analyses were hypothesis-driven

and stratified by disease category; Unadjusted p-values are shown.

3.3 Results

Table 1. Comparison of Clinical Characteristics Between FOXO3 Genotypes in Individuals With
and Without Cardiometabolic Disease. This table presents a comparative analysis of clinical
variables, including angina, diabetes, hypertension, and age, between individuals with the TT and
GG/GT genotypes of the FOXO3 gene. The data are stratified by CMD status and include p-values
to indicate statistical significance as a function of FOXO3 genotype.

WITH A CMD WITHOUT A CMD
Variable TT GG/GT p-value | TT GG/IGT p-value
n 362 482 216 310
Age (years) 89.11 +|88.98 +10.56 88.88+6.76 | 89.84 +6.49 | 0.105
6.43 6.63
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(%)

BMI (kg/m?) 28.10 +|28.29 +10.491 27.52+4.37127.09+£3.77 |1 0.241
3.87 3.87

glucose 5.95+1.64 |582+1.45 (0.31 511+0.69 |5.15+0.75 |0.555

Alcohol intake | 304 404 175 259

(n)

Alcohol intake | 89.94 89.38 0.798 |82.16 83.55 0.678

(%)

Angina (n) 131 136

Angina (%) 36.19 28.22 0.014

Diabetes (n) 112 155

Diabetes (%) 19.38 19.57 0.84

Hypertension (n) | 280 366

Hypertension 48.44 46.21 0.28

Table 1 summarizes clinical characteristics of CHAMP participants with and without CMD,
stratified by FOXO3 genotype. Among individuals with CMD, 844 participants were genotyped
(362 with TT allele; 482 with GT/GG allele) and CMD-free individuals totaled 526 participants
(216 with TT allele; 310 with GT/GG allele). Age, BMI, glucose, and alcohol intake were broadly

similar across genotype groups. Angina prevalence was higher in TT individuals than in G-allele

carriers (36.2% vs. 28.2%).

In those with CMD, the prevalence of angina, diabetes, and hypertension was compared to FOXO3

genotype. Individuals with the TT allele showed a slightly higher prevalence for both angina and
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diabetes than those with the G allele. Average age was similar for FOXO3 G allele and TT allele
carriers, and also for those with or without a CMD. Interestingly, the FOXO3 G allele is the major

allele for this cohort, unlike other cohorts [11].

To validate the high frequency of the G allele in this cohort, we compared rs2802292 allele
frequencies across self-identified ancestry groups within CHAMP. Consistent with other studies
(European AF = 0.52 [21]; East Asian AF = 0.23 [11]), participants of predominantly European
ancestry exhibited a higher G-allele frequency (=0.54) than participants identifying as non-
European (=0.31). These values are consistent with global distributions and do not indicate a
genotyping error. Because CHAMP is predominantly European Australian, the allele distribution
reflects population background rather than technical artifact. The ancestry composition of the

cohort may also influence effect size estimates and is addressed further in the Discussion.

3.3.1 Analysis of Association of FOXO3 Longevity Genotype and Survival Across
Cardiometabolic Disease

Kaplan-Meier survival analyses were used to investigate the relationship between FOXO3
genotype and survival outcomes in older men from the CHAMP cohort, with individuals grouped
by genotype into TT (homozygous for the T allele) and GT/GG (carriers of the G allele). Results
were stratified based on the presence of specific cardiometabolic diseases (CMDs) to examine how

genotype status was associated with survival patterns under different clinical conditions.
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p-value: 0.56
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Fig 1. Impact of FOXO3 Longevity Associated Genotype on Survival in those with and without
CMD. Kaplan-Meier survival analysis comparing survival probabilities between two FOXO3
genotype groups (rs2802292 TT or GT/GG) in individuals with angina (Fig 1A), diabetes (Fig 1B),
hypertension (Fig 1C), with at least 1 CMD (Fig 1D), and without a CMD (Fig 1E). Red represents
individuals with the TT genotype, while Blue includes those with the GG or GT genotype. The p-
value of <0.05 (log rank test) indicates statistical significance
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A significant survival advantage was observed in participants with angina (Fig. 1a), where carriers
of the G allele (GT/GG genotypes) exhibited improved longevity compared to those with the TT
genotype (p = 0.01). The survival trajectories clearly diverged, favoring G allele carriers,
suggesting a potential genotype-specific association with reduced mortality risk in the context of
coronary artery dysfunction. This finding supports the notion that FOXO3 may interact with
disease pathways specific to cardiac stress and atherosclerosis, although the exact biological
mechanisms remain to be elucidated. These results align with prior evidence from the Honolulu
Heart Program (HHP) cohort and the Okinawan cohort, both of which reported significantly lower

mortality from coronary atherosclerosis in G allele carriers.?*®

In contrast, no significant differences in survival by FOXO3 genotype were found among
individuals with diabetes (Fig. 1b) or hypertension (Fig. 1c). For diabetic participants, the survival
curves for TT and GT/GG genotypes were nearly identical throughout the age range (p = 0.84),
indicating no evident association between FOXO3 variation and lifespan in this subgroup.
Similarly, among those with hypertension, survival did not significantly differ between genotype
groups (p = 0.28), and both exhibited comparable trajectorics. Despite FOXO3’s known
involvement in metabolic regulation and stress responses, these findings suggest that its genotype
may not meaningfully influence survival outcomes in individuals with diabetes or high blood

pressure.

When examining all individuals with any form of cardiometabolic disease (CMD); including
diabetes, hypertension, or angina — there was no overall significant survival difference by FOX03
genotype (Fig. 1d; p = 0.27). Likewise, in the non-CMD group (Fig. 1e), FOXO3 variation was

not significantly associated with lifespan (p = 0.56). In both groups, survival curves for TT and
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GT/GG genotypes were almost indistinguishable, suggesting that in the absence of coronary

artery-specific stressors, FOXO3 genotype alone does not appear to drive differences in longevity.
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Figure 2. Kaplan-Meier Survival Curves for FOXO3 Genotypes in the CHAMP Cohort. Kaplan-
Meier survival analysis comparing survival probabilities between two FOXO3 genotype groups
(rs2802292 TT vs. GT/GG) in individuals with specific cardiometabolic disease (CMD) profiles:
angina only (Fig 2A), diabetes only (Fig 2B), and hypertension only (Fig 2C). Red represents
individuals with the TT genotype, while blue includes those with the GG or GT genotype. The p-
value < 0.05 (log-rank test) indicates statistical significance in survival differences between
genotypes.

Figure 2 shows the association between FOXO3 genotype and survival in individuals with just 1
CMD, excluding those with comorbidities. In participants with only angina (Fig. 1a), a statistically

significant difference in survival was observed between FOXO3 genotype groups (p = 0.04).
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Individuals with the TT genotype showed lower survival probabilities over time compared to

GT/GG carriers, consistent with Figure la.

In contrast, among individuals with diabetes only (Fig. 2b), there was no significant association
between genotype and survival (p = 0.70). The TT and GT/GG groups displayed nearly identical
survival patterns, indicating that in the context of diabetes alone, FOXO3 genotype is not linked
to differential longevity. Similarly, for individuals with hypertension only (Fig. 2c), the survival

curves did not differ significantly between genotype groups (p = 0.20).

Overall, these findings indicate that FOXO3 longevity associated genotype differentially impacts
survival in individuals with different CMDs. Specifically, the FOXO3 genotype was associated
with differences in survival specifically for angina. This points toward a potential interaction

between FOXO3 variation and disease-specific processes in ischemic heart conditions

3.3.2 Comparative Analysis of Clinical Characteristics Between FOXO3 Genotypes in
Individuals with and Without Cardiometabolic Disease

Table 2. Proportional Cox Hazard Regression Analysis for Cardiometabolic Diseases Across Age
Groups.

This table presents a comparative analysis of clinical variables, including angina, diabetes,
hypertension, and age, between individuals in different age groups. The data are stratified by CMD
status and include p-values to indicate statistical significance as a function of FOXO3 genotype.

CMD Model * Age Group HR (95% CI) ** p-value
Diabetes 1 71.83-79.97 0.97 (0.43 - 2.17) 0.94

2 71.83-79.97 0.99 (0.43 - 2.31) 0.99

1 80.01-89.99 1.19 (0.79 - 1.80) 0.38

2 80.01-89.99 1.17 (0.77 - 1.76) 0.45

78



90.00-99.86 0.83 (0.56 - 1.21) 0.33
90.00-99.86 0.84 (0.57 - 1.23) 0.38
Angina 71.83-79.97 1.70 (0.73 - 3.94) 0.21
71.83-79.97 1.61 (0.68 - 3.80) 0.27
80.01-89.99 0.64 (0.43 - 0.96) 0.03
80.01-89.99 0.63 (0.42 - 0.94) 0.02
90.00-99.86 0.69 (0.47 - 1.01) 0.059
90.00-99.86 0.69 (0.47 - 1.00) 0.055
Hypertension 71.83-79.97 1.39 (0.81 - 2.38) 0.23
71.83-79.97 1.35 (0.78 - 2.32) 0.27
80.01-89.99 0.92 (0.71 - 1.19) 0.54
80.01-89.99 0.94 (0.72 - 1.22) 0.64
90.00-99.86 0.87 (0.68 - 1.11) 0.26
90.00-99.86 0.89 (0.70 - 1.13) 0.35

* 1. Age-adjusted; 2: Covariate-adjusted, Covariates in Cox model: age, BMI, glucose, alcohol intake, depression,
cancer, and stroke.

** Hazard Ratio of FOXO3 G allele vs T allele carriers on mortality estimated from the Cox regression model.

¥ FOXO03 rs2802292 genotype was obtained for 844 subjects with a CMD, and 526 subjects without a CMD.

Table 3 presents results stratified by overall CMD status. Age-stratified analyses in Table 3
identified a significant association between FOXO3 genotype and cardiometabolic disease status

among individuals aged 70-79 years with a CMD, with elevated hazard ratios observed in both
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age-adjusted and covariate-adjusted models. As shown in Table 2, Cox proportional hazards
models were used to examine the association between biomarker levels and the risk of
cardiometabolic disease (CMD) across three age groups (70-79, 80-89, and 90-99 years). The
association between FOXO3 genotype (G allele vs. T allele) and mortality risk across
cardiometabolic disease (CMD) subtypes; diabetes, angina, and hypertension are shown. In the
age-adjusted model (Model 1), a statistically significant association was observed in individuals
with angina aged 80-89 years, with a hazard ratio (HR) of 0.64 (95% CI: 0.43-0.96, p = 0.03).
This indicates that individuals with the FOXO3 G allele had a 36% lower risk of mortality
compared to those with the TT genotype, after adjusting for age. In the fully adjusted model (Model
2), which controlled for age, BMI, glucose levels, alcohol intake, depression, cancer, and stroke,
the association of presence vs absence of G allele remained statistically significant with a HR of
0.63 (95% CI: 0.42-0.94, p = 0.02). These findings suggest a robust protective impact of FOXO3
genotype protective on survival in this subgroup, independent of major CMD-related risk factors.
Although no other statistically significant associations were found across the other CMD groups
or age strata, some trends were observed. Among individuals with angina aged 90-99 years, the
HRs were below 1.0 in both models, with borderline significance (HR = 0.69, p = 0.059 - Model
1; HR = 0.69, p = 0.055 - Model 2), suggesting additional association with reduced mortality risk
against angina for FOXO3 genotype in nonagenarians. In contrast, no significant associations were

observed in individuals with diabetes or hypertension.

Table 3. Hazard Ratios for FOXO3 by Age Group and CMD Status.

with a CMD without a CMD

Model* | Age Group HR (95% CI) p-value HR (95% CI) p-value
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1 71.83-79.97 1.81 (1.04-3.14) |0.036 0.89 (0.46-1.71) | 0.724
2 71.83-79.97 1.85 (1.03-3.33) |0.041 0.88 (0.43-1.79) | 0.727
1 80.01-89.99 1.02 (0.68-1.54) |0.915 1.26 (0.91-1.75) | 0.166
2 80.01-89.99 1.04 (0.66-1.55) | 0.944 1.26 (0.90-1.76) | 0.186
1 90.00-109.00 1.32 (0.68-2.38) | 0.446 1.05 (0.58-1.91) | 0.870
2 90.00-109.00 1.20 (0.64-2.30) | 0.562 0.93 (0.50-1.74) | 0.817

* 1. Age-adjusted; 2: Covariate-adjusted, Covariates in Cox model: age, BMI, glucose, alcohol intake,
depression, cancer, and stroke

1 Covariates in Cox model: age, BMI, glucose, alcohol consumption, depressive symptoms, cancer and
stroke.

¥ FOXO3 rs2802292 genotype was obtained for 844 subjects with a CMD, and 526 subjects without a
CMD.

Table 4. Proportional Cox Hazard Regression Analysis for Cardiometabolic Specific Disease Across
Age Groups.

CMD Model * | Age Group Sampl | HR (95% CI) ** p-value
e Size
(n)
Diabetes 1 71.83-79.97 26 ND ND
2 71.83-79.97 18 ND ND
1 80.01-89.99 97 0.69 (0.33-1.42) 0.31
2 80.01-89.99 76 0.68 (0.30 - 1.51) 0.34
1 90.00-109.00 130 1.31(0.63-2.71) 0.46
2 90.00-109.00 106 1.62 (0.67 - 3.88) 0.27
Angina 1 71.83-79.97 22 ND ND
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2 71.83-79.97 16 ND ND
1 80.01-89.99 100 0.87 (0.42 - 1.80) 0.71
2 80.01-89.99 73 0.85 (0.41 - 1.80) 0.68
1 90.00-109.00 | 127 0.64 (0.33-1.24) 0.18
2 90.00-109.00 101 0.62 (0.29 - 1.32) 0.22
Hypertension 1 71.83-79.97 55 1.61 (0.80 - 3.27) 0.18
2 71.83-79.97 41 1.94 (0.91 - 4.16) 0.085
1 80.01-89.99 227 | 0.88(0.63-1.23) 0.47
2 80.01-89.99 189 0.89 (0.64 - 1.25) 0.53
1 90.00-109.00 | 135 1.02 (0.74 - 1.39) 0.89
2 90.00-109.00 105 1.05 (0.76 - 1.45) 0.73

* 1: Age-adjusted; 2: Covariate-adjusted, Covariates in Cox model: age, BMI, glucose, alcohol intake,
depression, cancer, and stroke.

** Hazard Ratio of FOXO3 minor allele carrier vs. major allele homozygotes on mortality estimated from
the Cox regression model.

Several age-disease combinations yielded indeterminate (ND) values in the Cox regression output.
These entries occur when the number of deaths within a given subgroup is too low for the model
to converge, being most pronounced in the youngest age group (70-79 years) and in CMD
subgroups with fewer total participants. Age-stratum sample sizes are provided in Supplementary
Table 4 for transparency. Overall, these results indicate that the survival benefit associated with

the FOXO3 G allele may be disease-specific, potentially offering the greatest advantage in elderly
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individuals with angina in their 80s and 90s, a period where cardiovascular stress may be

particularly high.

3.4 Discussion

This study builds on previous findings from the Honolulu Heart Program by examining the
potential association with reduced mortality risk of the FOXO3 longevity-associated G allele on
survival outcomes in older Australian men with cardiometabolic disease (CMD). All analysis was
performed using samples and data from the Concord Health and Ageing in Men Project (CHAMP)
cohort, comprised of >1700 male participants aged 70-100 The results provide compelling
evidence that the FOXO3 G allele is associated with improved survival specifically in individuals
with angina, particularly those aged 80-99 years. These findings reinforce FOXO3's emerging role

as a resilience gene that promotes longevity, particularly in individuals with heart disease.?®

Consistent with prior studies,? the longevity associated FOXO3 genotype (G allele) did not affect
mortality rates in healthy individuals (Fig 1B). Somewhat surprisingly, the presence of G allele
was also not associated with overall mortality. This may be due to relatively low participant
numbers in this cohort and high prevalence of healthy individuals (ie. those without CMD —
38.7%). The absence of significant effects in diabetes or hypertension might suggests insufficient
statistical power, which is consistent with the view that benefits linked to the FOXO3 gene

manifest under heightened physiological stress and cumulative damage.

In CHAMP, angina was operationally defined as physician-diagnosed ischemic chest pain
attributable to reduced coronary blood flow, recorded during clinical evaluation and validated
through structured medical questionnaires. Angina reflects coronary artery disease physiology

more directly than hypertension or diabetes. Because FOXO3 is heavily involved in oxidative-
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stress defense, endothelial protection, and ischemia-response pathways, its functional impact may
be more robust in ischemic heart disease than in metabolic or vascular risk-factor states® (e.g.,

hypertension, diabetes)- further research will be required to confirm this notion.

However, FOXO3 G allele carriers with angina exhibited a statistically significant survival
advantage over those without, as illustrated in the Kaplan-Meier curves (Fig 1E and Fig 2C). This
suggests that the FOXO3 variant may mitigate the detrimental effects of cardiovascular stressors,
especially in the oldest segment of the population. Notably, this protective effect remained
significant even after adjusting for key covariates such as BMI, glucose, alcohol use, depression,
cancer, and stroke (Model 2, Table 2 and Table 3), underscoring its independent association with
improved survival. This observation is consistent with prior studies reporting prolonged survival

for individuals with heart disease when the FOXO3 G allele is present.

No significant survival differences were observed in individuals with diabetes or hypertension,
despite previous studies suggesting broader cardiovascular benefits linked to FOXO3. These null
results may reflect disease-specific mechanisms of FOXO3 action, wherein the gene’s protective
role is more pronounced in ischemic heart conditions like angina, which is characterized by

oxidative stress and vascular inflammation processes that FOXO3 is known to regulate.'®

Among individuals without CMD, FOXO3 genotype did not appear to influence survival,
indicating that its protective benefits may be most apparent under physiological stress. This is in
line with the theory that longevity genes like FOXO3 confer disease specific resilience rather than
absolute protection, enhancing survival only when challenged by chronic disease or environmental
stressors. The concept of FOXO3 as a “resilience” gene is further supported by the age-specific

findings: in the 90-99 age group, FOXO3's protective effect on mortality was statistically

84



significant, while it was absent in younger age groups. These findings are consistent with prior
work showing that FOXO3-related benefits emerge most strongly in late life, when cumulative
mitochondrial damage, oxidative stress, and inflammatory burden are greatest.>'® FOXO3
activation likely helps maintain stress-response capacity during advanced aging, which may

explain its pronounced effect among individuals in their 80s and 90s.

Mechanistically, FOXO3 exerts its protective effects by activating stress response pathways,
promoting DNA repair, and regulating metabolic pathways. In animal models, FOXO3 activation
has been linked to extended lifespan and protection against atherosclerosis, insulin resistance, and
cardiac hypertrophy.'® Similarly, caloric restriction in FOXO3 deficient mice abrogates the
lifespan enhancing effect of caloric restriction.!” FOXO3 is also essential for long term self-
renewal of hematopoietic stem cells.*® The present findings suggest that similar mechanisms may

be at work in humans, particularly in aging individuals already burdened by CMD.

Beyond oxidative stress pathways, FOXO3 regulates autophagy, mitochondrial biogenesis, and
metabolic homeostasis. It is a major downstream effector of IGF-1/AKT signaling, promoting
longevity by shifting cells toward stress resistance and energy conservation. Recent proteomic
work!? identifies FOXO3-linked enhancement of mitophagy and lipid-handling pathways, while
Okinawan centenarian studies® show reduced inflammatory burden in FOXO3 G-allele carriers.
These mechanisms may explain why associations were strongest in ischemic disease, where

mitochondrial failure and inflammatory injury are key drivers of mortality.

The study has some limitations, the CHAMP cohort includes only older men of predominantly
European descent, limiting the generalizability of findings to women and other ethnic populations.

Women and non-European ancestry groups exhibit different rs2802292 frequency distributions
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and may show different effect sizes. Additionally, CMD status was assessed at baseline and may
not account for changes in disease burden over time. Furthermore, while the Cox regression
models controlled several important covariates, unmeasured confounders such as medication use,
diet, or physical activity could have influenced the results as these interactions needed study in

more diverse and mixed-sex cohorts.

This study builds on prior evidence supporting the protective role of the FOXO3 longevity-
associated genotype against age-related chronic diseases, extending these findings specifically to
cardiometabolic disease (CMD) outcomes. The strong associations observed in the oldest-old
group underscore the importance of genetic resilience in aging populations. While prior work has
focused largely on all-cause mortality, our results add nuance by showing that FOXO3 may also
delay or reduce the risk of CMD-related mortality, particularly in advanced age. However, the lack
of significant findings in certain subgroups, such as those with diabetes or hypertension, highlights

the need for further investigation.

Future studies should prioritize increasing the diversity of study populations, particularly by
including women and individuals from non-European backgrounds, to enhance the generalizability
of these findings. Comparative analyses with large female cohorts, such as the Nurses’ Health
Study,?° would be valuable in clarifying whether FOXO3 ’s association with reduced mortality risk
extends to women. Additionally, larger sample sizes and longitudinal designs could help uncover
dynamic patterns of gene disease interaction and provide insight into gene environment
interactions that influence CMD risk. These future directions may ultimately inform targeted
prevention strategies and contribute to the development of personalized interventions leveraging

FOXO3 as a biomarker or therapeutic target.
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Future research should aim to replicate these findings in more diverse cohorts, including women
and younger populations, and explore gene-environment interactions that may modify FOXO3 s
effects. Functional studies examining FOXO3 expression and downstream targets in cardiac and
vascular tissues could also clarify the biological mechanisms underlying the observed associations.
Moreover, investigating how FOXO3 interacts with other longevity-associated pathways, such as
telomere maintenance and inflammatory cytokine signaling could shed light on the mechanism of

action, reveal synergistic effects, and point toward novel therapeutic targets.

In conclusion, our study provides additional support for the role of FOXO3 as a key genetic factor
in aging and CMD resilience. While the G allele does not universally protect against all forms of
CMD, its significant survival benefit in individuals with angina and in the oldest age group
suggests a targeted, context-dependent effect. These findings contribute to a growing body of
literature recognizing FOXO3 as a modulator of healthy aging and highlight its potential as a

biomarker or therapeutic target in geriatric and cardiometabolic medicine.
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CHAPTER 4: FOXO3 Longevity Genotype Attenuates Leukocyte Telomere Attrition in Older
Men With Cardiometabolic Disease: Evidence from the CHAMP Cohort

4.1 Introduction

Telomeres are repetitive nucleoprotein structures located at the ends of chromosomes that play a
fundamental role in maintaining genomic stability and cellular health®. Progressive telomere
shortening occurs with successive cell divisions and is influenced by multiple factors including
oxidative stress, inflammation, and metabolic dysregulation. When telomeres reach a critically
short length, cells enter replicative senescence or undergo apoptosis, thereby contributing to
tissue dysfunction and age-related decline?. Accordingly, leukocyte telomere length has been
widely investigated as a biomarker of biological aging and a predictor of morbidity and mortality

in older adults®.

Previous epidemiological and clinical studies have consistently reported associations between
shorter telomere length and cardiometabolic disease (CMD), including coronary heart disease,
diabetes, and hypertension.®* Individuals affected by these conditions frequently exhibit
accelerated telomere attrition, reflecting cumulative exposure to oxidative stress, chronic
inflammation, and metabolic dysregulation. These processes are associated with cellular
senescence and impaired tissue homeostasis, thereby linking cardiometabolic pathology to
biological aging. However, whether telomere shortening in the elderly represents an inevitable
consequence of chronological aging or is primarily driven by disease-related mechanisms
remains unresolved. Emerging evidence suggests substantial heterogeneity in telomere dynamics
among older adults, indicating that biological aging trajectories may be strongly influenced by

genetics, health status and environmental exposures.
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Genetic factors are increasingly recognized as important modulators of aging-related resilience.
Among these, FOX03, a member of the forkhead box O family of transcription factors, has
emerged as one of the most consistently replicated longevity-associated genes in human
populations.> FOXO3 regulates a broad network of pathways involved in oxidative stress
resistance, autophagy, mitochondrial function, DNA repair, and apoptosis. A functional single-
nucleotide polymorphism in FOXO3 (rs2802292) has been associated with exceptional
longevity, reduced cardiometabolic risk, and improved survival across diverse populations. In
particular, carriers of the longevity associated G allele exhibit enhanced cellular stress responses

and improved maintenance of homeostasis under adverse conditions.>®

Experimental evidence indicates that FOXO3 activation promotes antioxidant defense and limits
oxidative DNA damage, processes that are directly relevant to telomere maintenance.’ In
addition, FOXO3 signaling has been implicated in telomerase regulation and chromatin stability,
suggesting potential mechanistic links between genetic resilience and telomere dynamics.
Despite this biological plausibility, there have been few human studies examining the
relationship between FOXO3 genotype and telomere length to date, and they lack any assessment
regarding how the FOXO3-telomere relationship is affected by age related disease, including

cardiometabolic disease status.®

Furthermore, relatively few studies have explicitly evaluated whether telomere shortening occurs
in older adults who remain free of major cardiometabolic disease. The prevailing assumption that
telomere attrition is a universal feature of aging has rarely been tested in cohorts
comprehensively stratified by cardiometabolic health status. Clarifying this issue is critical for

distinguishing intrinsic aging processes from potentially modifiable disease-related mechanisms.
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In the present study, we investigated age-associated changes in leukocyte telomere length in
relation to FOXO3 rs2802292 genotype and cardiometabolic disease status in the CHAMP
cohort. These analyses were conducted in participants from the Concord Health and Ageing in
Men Project (CHAMP), a well-characterized longitudinal cohort of community-dwelling older
men in Sydney, Australia.>® We examined telomere dynamics in the overall population,
stratified by the presence or absence of CMD, and across individual disease subtypes, including

angina, diabetes, and hypertension.

By integrating genetic, molecular, and clinical data, this study provides new insight into how
biological aging is shaped by interactions between genetic resilience and cardiometabolic health.
Our findings aim to refine current models of telomere aging and to identify pathways that may be

targeted to promote healthy longevity.
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4.2 Materials and Methods

4.2.1 Study Cohort

The study cohort consisted of participants from the Concord Health and Ageing in Men Project
(CHAMP), a longitudinal, population-based study conducted in Sydney, Australia. CHAMP
recruited 1,705 community-dwelling men aged 70 years and older between 2005 and 2007.
Participants were primarily recruited from the local community with written informed consent
per individual prior to participation. Baseline data collection included comprehensive health
assessments, detailed medical histories, and collection of blood samples for genomic and
biomarker analyses.®!° For the present study, a subset of CHAMP participants with available
blood samples and complete data on age, cardiovascular health, and metabolic profiles was
selected for FOXO3 genotyping and downstream analyses. Genomic DNA was extracted from
whole blood using standard phenol-chloroform procedures or validated commercial extraction

kits.

Demographic, clinical, and biochemical data were obtained for each participant, including
measures of body mass index (BMI), blood pressure, fasting glucose, and lipid profiles. These
data enabled the examination of associations between FOXO3 genotype, telomere length,

inflammatory cytokines, and cardiometabolic health outcomes in this elderly male population.

Although CHAMP is a longitudinal cohort, leukocyte telomere length was measured at a single
time point for the present analysis; therefore, the analyses represent cross-sectional age-related

differences rather than direct within-individual telomere attrition over time.

Of the 1,705 participants initially enrolled in CHAMP, 1,370 individuals were included in the

present analysis after excluding participants with missing DNA samples, unsuccessful
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genotyping, incomplete cardiometabolic disease data, or telomere length measurements that did

not meet assay quality control criteria.

4.2.2 Cardiometabolic Disease Classification

Cardiometabolic disease (CMD) was defined as the presence of one or more of the following
conditions: angina, diabetes mellitus, or hypertension. Disease status was determined based on
physician diagnosis, medication use, and clinical measurements obtained during CHAMP study
assessments. Hypertension was defined as systolic blood pressure >140 mmHg, diastolic blood
pressure >90 mmHg, or the use of antihypertensive medication. Diabetes status was defined
based on physician diagnosis, use of glucose-lowering medication, or fasting glucose levels
consistent with diagnostic criteria. CMD status was coded as a binary variable representing the

presence of at least one cardiometabolic condition.

4.2.3 Genotyping

Specific primers were designed to target the region of the FOXO3 gene containing the single
nucleotide polymorphism (SNP) of interest (i.e. rs2802292).8 PCR reactions were prepared in a
total volume of 25 L, consisting of 10-50 ng of template DNA, 10 puL of 2x PCR Master Mix
(containing Taq DNA polymerase, dNTPs, and MgCl.), 1 pL of forward and reverse primers (10
MM each), and nuclease-free water. The PCR amplification was performed under optimized
conditions: initial denaturation at 95°C for 3 minutes, followed by 34 cycles of 95°C for 30
seconds, 60°C annealing for 30 seconds, and 72°C extension for 1 minute, with a final extension
at 72°C for 5 minutes. Genotyping was performed by allelic discrimination assays using
TagMan® (Applied Biosystems, Inc.) and a Life Technologies QuantStudio 12K Flex

OpenArray system. Genomic DNA extracted from peripheral blood samples served as the
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template for each reaction. Allele calls were automatically generated using QuantStudio software
based on fluorescence intensity clustering. Standard quality control procedures were applied,

including evaluation of call rates and genotype clustering.

4.2.4 Leukocyte Telomere Length Measurement

Leukocyte telomere length was measured from genomic DNA extracted from peripheral blood
samples using a quantitative polymerase chain reaction (QPCR) assay, following the method
originally described by Cawthon.!*!2 This method determines relative telomere length by
quantifying telomere repeat copy number (T) relative to a single-copy reference gene (S) within

the same DNA sample, expressed as the telomere-to-single-copy gene (T/S) ratio.

gPCR reactions were performed in a total volume of 20 pL, containing 10-20 ng of genomic
DNA, 10 pL of 2x SYBR Green PCR Master Mix, telomere-specific primers or single-copy
gene primers, and nuclease-free water. Telomere and single-copy gene reactions were run on
separate plates under identical conditions. Primer sequences and amplification conditions

followed published protocols to ensure assay reproducibility.

Thermal cycling conditions included an initial denaturation step at 95°C for 10 minutes,
followed by 35 cycles of denaturation at 95°C for 15 seconds and annealing/extension at 54—
60°C for 1 minute, depending on primer set optimization. All samples were assayed in duplicate
or triplicate, and mean cycle threshold (Ct) values were used for analysis. Standard curves were
generated using serial dilutions of a reference DNA sample to assess amplification efficiency for
both telomere and single-copy gene reactions. Only runs demonstrating acceptable amplification

efficiency and minimal intra-assay variability were included. The relative T/S ratio for each
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sample was calculated using the comparative Ct method, and values were normalized to a

reference control DNA sample included on each plate to account for inter-plate variability.

4.2.5 Statistical Analysis: Telomere Length

Statistical analyses examining leukocyte telomere length were conducted using RStudio (version
R-4.4.2). Only participants with complete and high-quality data for age, FOXO3 genotype
(rs2802292), and telomere length measurements were included in the analyses to ensure
robustness and minimize bias. Telomere length, expressed as the telomere-to-single copy gene

(T/S) ratio, was treated as a continuous outcome variable.?

To evaluate the relationship between age, FOXO3 genotype, and telomere length, linear
regression models were employed. Age was modeled as a continuous predictor, and FOXO3
genotype was coded as a binary variable comparing G-allele carriers (GG/GT) to TT
homozygotes. An age x FOXO3 genotype interaction term was included to assess whether age-
related changes in telomere length differed by genotype. This interaction-based approach
allowed for the evaluation of genotype-specific telomere dynamics rather than relying solely on

cross-sectional mean differences.

The general model specification was as follows:

Telomere Length (T/S)

=, + 5,(Age) + 5,(FOXO3 Genotype) + S3(Age x FOXO03 Genotype) + ¢
Regression coefficients, standard errors, and p-values were used to assess the significance of
main effects and interaction terms. Model assumptions, including linearity, normality of
residuals, and homoscedasticity, were evaluated using standard diagnostic procedures. Where

appropriate, telomere length values were log-transformed to improve normality; results were
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confirmed to be consistent across transformed and untransformed models. To facilitate
interpretation, fitted regression lines were generated across the observed age range for each
FOXO3 genotype group. These visualizations were used to illustrate genotype-specific age-
telomere relationships and to support interpretation of the interaction effects. Statistical

significance was defined using a two-sided p-value threshold of <0.05.
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4.3 Results

4.3.1 CHAMP Participant Characteristics by FOXO3 Genotype and CMD Status

Baseline clinical characteristics of the CHAMP cohort stratified by FOXO3 genotype and
cardiometabolic disease status are summarized in Table 1. Among participants with and without
CMD, TT homozygotes and G-allele carriers were comparable with respect to age, body mass
index, glucose levels, and alcohol intake, with no significant genotype-dependent differences

observed.

Table 1. Comparison of Clinical Characteristics between FOXO3 Genotypes in Individuals with
and without Cardiometabolic Disease. Shown is a comparative analysis of clinical variables,
including angina, diabetes, hypertension, and age, between individuals with the TT and GG/GT
genotypes of the FOXO3 gene. The data are stratified by CMD status and include p-values to
indicate statistical significance as a function of FOXO3 genotype. Data are presented as mean £ SD
or n (%). P values were calculated using two-tailed student’s t-tests for continuous variables and
chi-square tests for categorical variables. Statistical significance was defined as P < 0.05.

WITH A CMD WITHOUT A CMD

Variable TT GG/GT p-value | TT GG/IGT p-value

n 362 482 216 310

Age (years) 89.11 + 88.98 + 0.56 88.88 + 89.84 + 0.105
6.43 6.63 6.76 6.49

BMI (kg/m?) 28.10 + 28.29 + 0.491 | 2752+ 27.09 + 0.241
3.87 3.87 4.37 3.77

Fasting Glucose 595+ 582 + 0.31 5.11+0.69 | 5.15+0.75 | 0.555
(mmol/L) 1.64 1.45

Alcohol intake (n) 304 404 175 259

Alcohol intake (%) | 89.94 89.38 0.798 82.16 83.55 0.678
Angina (n) 131 136

Angina (%) 36.19 28.22 0.014
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Diabetes (n) 112 155

Diabetes (%) 19.38 19.57 0.84
Hypertension (n) 280 366
Hypertension (%) 48.44 46.21 0.28

Within the CMD subgroup, the prevalence of angina was modestly higher among TT
homozygotes compared with G-allele carriers (p = 0.014), whereas no significant genotype
differences were observed for diabetes or hypertension. This is consistent with prior studies
showing a protective effect of the FOXO3 G allele against heart disease. Overall the findings
indicate that the genotype groups were generally well balanced with respect to major
cardiometabolic and metabolic risk factors, minimizing the likelihood that baseline clinical

differences could account for possible variations in telomere dynamics.
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4.3.2 FOXO03 Genotype Modifies Age-Associated Telomere Attrition

P =0.0015

TT Slope =-4.12%r

G-camier zlope = -0.7%Ar

Slope Differance (G-TT) =3.37%5r
R'=02192

Figure 1. FOXO3 Genotype Modifies Age-Associated Telomere Attrition.

Shown is the regression analysis of age x leukocyte telomere length, expressed as the logio telomere-
to-single copy gene (T/S) ratio, stratified by FOXO3 rs2802292 genotype. Each point represents an
individual participant, with G-allele carriers (GT/GG; n=792) shown in blue and non-G-allele
carriers (TT homozygotes; n=578) shown in red. Solid lines indicate genotype-specific linear
regression fits. TT homozygotes exhibited a significantly steeper age-related decline in telomere
length compared with G-allele carriers, whereas G-allele carriers demonstrated a markedly
attenuated decline with advancing age. Model-estimated slopes, slope difference, age x genotype
interaction p-value, and model R2 are shown in the inset. P value represents analysis of slope
difference for the age x genotype interaction.

We first examined the relationship between age and leukocyte telomere length in the overall

study population stratified by FOXO3 rs2802292 genotype. As shown in Figure 1, linear
regression analysis demonstrated a significant age-associated decline in leukocyte telomere
length among TT homozygotes (B = -0.018 log10 T/S per year, p = 0.018). In contrast, G-

allele carriers exhibited a substantially attenuated slope of telomere shortening (B = -0.003
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log10 T/S per year), indicating slower age-associated telomere attrition. The age x genotype
interaction was statistically significant (p = 0.0015), confirming that telomere dynamics
differed according to FOXO3 genotype. Linear regression analyses revealed a significant
age x genotype interaction (p = 0.0015), confirming that age-associated telomere dynamics
differed significantly according to FOXO3 genotype. The model explained approximately 22%

of the variance in telomere length (Rz = 0.219), suggesting a moderate contribution of age and
genotype to interindividual variation in telomere length. Notably, G-allele carriers maintained
relatively stable telomere length even at advanced ages, whereas TT homozygotes exhibited
progressively shorter telomeres with increasing age. This observation is consistent with our prior
studies®, indicating that the FOXO3 G allele is associated with enhanced preservation of telomere
length throughout later life and suggest that genetic resilience contributes meaningfully to

interindividual differences in biological aging.
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4.3.3 Absence of Age-Associated Telomere Shortening in Participants Without Cardiometabolic
Disease

- TI
=+ G Camiar (GT/GG)

I6g 10 (T/5 ratio)

Age (years)
TT Slope = 3.86%57 TT Slope =-2.10%z, p=0.26
G-carrier slope = 6.05%/yr G-carriar slope = 1.69%/vr, p =046
R'=0.037 R*=0.008

Figure 2. Association between FOXO3 Genotype and Age-Associated Telomere Length as a
function of Cardiometabolic Disease Status.

Relationship between age and leukocyte telomere length, expressed as the logio telomere-to-single
copy gene (T/S) ratio, stratified by overall cardiometabolic disease (CMD) status and FOXO3
rs2802292 genotype. The left panel shows participants without CMD, and the right panel shows
participants with one or more CMDs. Each point represents an individual participant, with G-allele
carriers (GT/GG; n=482) shown in blue and non-G-allele carriers (TT homozygotes; n=362) shown
in red. Solid lines indicate genotype-specific linear regression fits. Among participants without
CMD, telomere length showed modest age-associated change with no evidence of genotype-
dependent differences. In contrast, among participants with CMD, TT homozygotes exhibited a
steeper age-associated decline in telomere length compared with G-allele carriers, although the age
x genotype interaction did not reach statistical significance. P values represent analysis of slope
difference for the age x genotype interaction.

Participants (71.83-109.00 years of age) were next stratified according to overall cardiometabolic
disease (CMD) status. As shown in Figure 2, among individuals without any CMD, leukocyte
telomere length exhibited minimal change with advancing age. Both TT homozygotes and G-

allele carriers demonstrated relatively stable telomere trajectories, and no significant age x
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genotype interaction was observed. These results demonstrate preserved telomere maintenance in

disease-free aging, independent of FOXO3 genotype.

Among participants with one or more CMDs, telomere length declined with age, with steeper
shortening observed in TT homozygotes compared to G-allele carriers. Although the age x
genotype interaction was not statistically significant in this subgroup, the pattern was consistent

with that observed in the overall cohort.

Importantly, these analyses demonstrate that age-related telomere shortening is largely absent in
older adults who remain free of major cardiometabolic disease and becomes apparent primarily
in individuals affected by CMD. This pattern suggests that disease-related physiological stress

plays a central role in driving telomere attrition in later life.
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4.3.4 Impact of FOXO3 Genotype on Telomere Dynamics Across Cardiometabolic Disease
Subtypes

- TT
-+ G Camiar (GT/GG)

log 10 (TVS ratie)

B =058
.
L]
*
Age (years)

TT Slope =2.25%AT TT Blope =-4.31%4r, p=027
G-carrier slope = 2333y (G-camiar slope = 5.35%yr, p=0.14
Slope Differance (G-TT) = 0.08%51 Slope Difference (G-TT) = 9.86%047
R'=0.05% R'=0.052

Figure 3. FOXO3 Genotype and Angina Status Differentially Modify Age-Associated Telomere
Dynamics.

Relationship between age and leukocyte telomere length, expressed as the log:o telomere-to-single
copy gene (T/S) ratio, stratified by angina status and FOXO3 rs2802292 genotype. The left panel
shows participants without angina, and the right panel shows participants with angina. Each point
represents an individual participant, with G-allele carriers (GT/GG; n=136) shown in blue and
non-G-allele carriers (TT homozygotes; n=131) shown in red. Solid lines indicate genotype-specific
linear regression fits. Among participants without angina, telomere attrition rates were similar
between genotypes, with minimal slope differences. In participants with angina, TT homozygotes
exhibited a steeper age-associated decline in telomere length compared with G-allele carriers;
however, the age x genotype interaction was not statistically significant. Model-estimated slopes,
slope differences, interaction p-values, and R2 are shown in the inset. P values represent analysis of
slope difference for the age x genotype interaction.
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- TT
- G Camier (GT/GG)

log 0T/ rabo)

Age (years)

TT Zlope =-0.79%4T TT Blope =-2.37%4T, p=0.60
G-camar slope = 3.83% 1 G-camier slope = -2.21%4T, p=0.53
Slope Diffarance (G-TT) = 4.62%5T Slope Difference (G-TT) = 0.16%5r
R'=0.012 R'=0034

Figure 4. Association between FOXO3 Genotype and Age-Associated Telomere Length as a
function of Diabetes Status.

Relationship between age and leukocyte telomere length, expressed as the logio telomere-to-single
copy gene (T/S) ratio, stratified by diabetes status and FOXO3 rs2802292 genotype. The left panel
shows participants without diabetes, and the right panel shows participants with diabetes. Each
point represents an individual participant, with G-allele carriers (GT/GG; n=155) shown in blue
and non-G-allele carriers (TT homozygotes; n=112) shown in red. Solid lines indicate genotype-
specific linear regression fits. Among participants without diabetes, G-allele carriers exhibited a
modest attenuation of telomere decline compared with TT homozygotes. In contrast, among
participants with diabetes, telomere dynamics were similar between genotypes, with minimal slope
differences. However, the age x genotype interaction was not statistically significant in either group.
Model-estimated slopes, slope differences, interaction p-values, and R2 are shown in the inset. P
values represent analysis of slope difference for the age x genotype interaction.
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Figure 5. FOXO3 Genotype and Hypertension Status Influence Age-Associated Telomere Length.
Relationship between age and leukocyte telomere length, expressed as the logio telomere-to-single
copy gene (T/S) ratio, stratified by hypertension status and FOXO3 rs2802292 genotype. The left
panel shows participants without hypertension, and the right panel shows participants with
hypertension. Each point represents an individual participant, with G-allele carriers (GT/GG;
n=366) shown in blue and non-G-allele carriers (TT homozygotes; n=280) shown in red. Solid lines
indicate genotype-specific linear regression fits. Among participants without hypertension, G-allele
carriers showed a trend toward attenuated telomere decline compared with TT homozygotes. In
participants with hypertension, telomere trajectories were similar between genotypes, with
negligible slope differences. However, the age x genotype interaction was not statistically significant
in either group. Model-estimated slopes, slope differences, interaction p-values, and R2 are shown in
the inset. P values represent analysis of slope difference for the age x genotype interaction.

To further characterize disease-specific effects, we examined telomere dynamics across
individual CMD subtypes, including angina, diabetes, and hypertension (Figure 3-5). Across all
three conditions, participants without disease exhibited relatively stable telomere length with

advancing age, with no consistent evidence of genotype-dependent differences.
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In contrast, among participants affected by angina (Figure 3), TT homozygotes exhibited
accelerated telomere shortening compared with G-allele carriers (p-value:0.05), resulting in
divergence of telomere trajectories by genotype. Comparison of telomere length x age
interaction for FOXO3 TT and G allele carriers approached statistical significance (p = 0.05),
suggesting a trend toward genotype-specific modulation of telomere dynamics in the context of
coronary disease. Among participants with diabetes (Figure 4), both genotype groups exhibited
comparable age-related telomere shortening, with similar slopes and no significant age x
genotype interaction (p = 0.98). This pattern suggests that metabolic dysregulation and chronic
hyperglycemia may exert strong deleterious effects on telomere maintenance that are not

substantially mitigated by FOXO3-mediated protective mechanisms.

A similar pattern was observed among individuals with hypertension (Figure 5). Hypertensive
TT homozygotes demonstrated greater age-associated telomere attrition than G-allele carriers,
whereas G-allele carriers exhibited comparatively attenuated decline. Although the age x
genotype interaction did not reach statistical significance (p = 0.19), the separation of telomere
trajectories by genotype suggests partial genetic protection in the presence of sustained

hemodynamic and vascular stress.

Taken together, these subtype analyses indicate that the influence of FOXO3 genotype on
telomere dynamics varies according to the specific type of cardiometabolic condition. Genetic
protection appears most evident in cardiovascular-related disorders, particularly angina and

hypertension, whereas diabetes is associated with telomere attrition regardless of genotype.

Across multiple disease contexts, TT homozygotes consistently exhibited greater telomere

attrition than G-allele carriers, whereas disease-free individuals showed preserved telomere
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maintenance regardless of genotype. The protective effects of the FOXO3 G allele were most
evident in cardiovascular-related conditions and less apparent in diabetes, supporting a gene—
disease interaction model in which genetic resilience modifies cellular aging trajectories

primarily under conditions of cardiometabolic stress.

4.4 Discussion

In this study, we examined age-associated telomere dynamics in relation to FOXO3 rs2802292
genotype and cardiometabolic disease status in an aging cohort. Our findings demonstrate that
telomere shortening with age is largely absent in older adults who remain free of major
cardiometabolic disease. In contrast, among individuals with CMDs, particularly cardiovascular-
related conditions, TT homozygotes exhibited accelerated telomere attrition, whereas G-allele
carriers showed relative preservation. These results indicate that genetic resilience conferred by
FOXO3 is most evident under conditions of physiological stress and highlight a critical
interaction between cardiometabolic health and biological aging. Collectively, these findings
demonstrate that age-associated telomere shortening is minimal in the absence of
cardiometabolic disease but becomes pronounced in genetically susceptible individuals when

disease is present.

Importantly, most prior studies have examined cardiometabolic disease either as a composite
outcome or as isolated clinical conditions.*>* As a result, it has been unclear whether specific
CMD exerts differential effects on telomere biology and whether genetic protection operates
uniformly across disease contexts. Given the heterogeneous pathophysiology of angina, diabetes,
and hypertension, disease-specific analyses are essential for elucidating interactions between

metabolic stress, vascular dysfunction, and cellular aging.®
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A key unexpected contribution of this study is the observation that telomere length remains
relatively stable across age in disease-free older adults, independent of FOXO3 genotype.
Although telomere shortening is often regarded as an inevitable consequence of chronological
aging®®, our findings suggest that substantial telomere attrition may be driven primarily by
disease-related processes rather than chronological aging. This distinction has important
implications for conceptualizing biological aging, as it supports the view that cellular aging
trajectories in the elderly are modifiable and closely linked to cardiometabolic health.}” The
observed preservation of telomere length among disease-free older adults also aligns with
emerging evidence from longevity cohorts suggesting that exceptional survival is associated with
delayed onset of chronic disease rather than prolonged exposure to morbidity®. Maintenance of
cardiometabolic health may therefore play a central role in preserving telomere integrity and
promoting healthy aging. In this context, FOXO3 may function as a molecular mediator of
resilience, enabling individuals to better withstand cumulative physiological stressors over the

life course.

In contrast, among participants with one or more CMDs, telomere length declined with age,
particularly among TT homozygotes. G-allele carriers exhibited comparatively attenuated
telomere shortening, suggesting partial genetic protection in the presence of cardiometabolic
pathology. Although the age x genotype interaction did not reach statistical significance in this
subgroup, the direction and magnitude of the observed effects were consistent with those

observed in the overall cohort.

Our CMD subtype analyses further reveal heterogeneity in the interaction between FOXO3
genotype and cardiometabolic conditions. In participants with angina and hypertension, G-allele
carriers exhibited attenuated telomere shortening relative to TT homozygotes, suggesting that
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FOXO3-mediated protection is most evident in disorders characterized by vascular dysfunction
and chronic inflammation. In contrast, in diabetes, both FOXO3 genotype groups showed
comparable telomere attrition, indicating that metabolic dysregulation and sustained
hyperglycemia may overwhelm the FOXO3 genetic protective mechanism. Consistent with this,
carriers of the FOXO3 G allele with diabetes did not confer enhanced survival relative to those
lacking the FOXO3 G allele??. These findings highlight important differences in how distinct

CMDs influence telomere biology and underscore the value of disease-specific analyses.

The protective association of the FOXO3 G allele with telomere maintenance in individuals with
1 or more CMDs is consistent with the established role of FOXO3 in stress resistance and
cellular homeostasis'®. FOXO3 regulates transcriptional programs involved in antioxidant
defense, DNA repair, mitochondrial quality control, and autophagy. Enhanced activation of these
pathways in G-allele carriers may reduce oxidative damage and inflammation, thereby limiting
telomere erosion in the context of chronic cardiometabolic stress'®. These mechanisms are
particularly relevant in cardiovascular disease, where ischemia, endothelial dysfunction, and

inflammatory signaling contribute to accelerated cellular aging.

Previous studies have reported associations between shorter telomere length and increased risk of
cardiovascular disease, diabetes, and mortality?®. However, most investigations have examined
CMDs as composite outcomes or have not accounted for genetic modifiers of telomere
dynamics?. Our study extends upon these studies by demonstrating that the relationship between
age and telomere length is strongly contingent on both specific cardiometabolic status and
genetic background. By systematically evaluating multiple CMD subtypes in relation to FOXO3
genotype, our findings provide new insight into the biological pathways linking disease,

genetics, and cellular aging.
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Several limitations should be considered when interpreting these findings. First, the cross-
sectional design precludes direct assessment of within-individual telomere change over time.
Longitudinal studies will be necessary to confirm whether disease-free individuals maintain

stable telomere length across decades and to determine how genetic effects evolve with aging.

Second, the study is somewhat limited by numbers of participants, especially after stratification
by both FOXO3 genotype and CMD status. Although the sample size of 1705 men is substantial
for an aging cohort, it remains smaller relative to large population-based studies. Third, although
we adjusted for major confounders, residual confounding by lifestyle factors such as diet,
physical activity, and socioeconomic status cannot be excluded. Fourth, telomere length was
measured in leukocytes and may not fully reflect telomere dynamics in other tissues relevant to

aging and disease.

In addition, the present analyses were conducted within the CHAMP cohort, which consists
exclusively of older men. As a result, the generalizability of these findings to women and to
more diverse populations remains uncertain. Sex-specific differences in telomere biology,
cardiometabolic risk, and FOXO3-related pathways may influence aging trajectories and should

be examined in future studies.

Despite these limitations, this study has several strengths, including comprehensive phenotyping
of cardiometabolic conditions, detailed genetic characterization, and systematic evaluation of
disease subtypes. The integration of molecular, genetic, and clinical data enabled identification

of biologically meaningful interactions that may have been obscured in prior work.

In conclusion, our findings suggest that, remarkably, age-associated telomere shortening is

minimal in older adults who remain free of cardiometabolic disease but becomes pronounced
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primarily in genetically susceptible individuals when disease is present. The FOXO3 rs2802292
G allele is associated with relative preservation of telomere length under conditions of
cardiometabolic stress, particularly in cardiovascular-related disorders. These results support a
gene-disease interaction model of biological aging and suggest that maintenance of
cardiometabolic health, together with genetic resilience, plays a central role in shaping cellular
aging trajectories. Future longitudinal and mechanistic studies are warranted to further elucidate

the pathways linking FOXO3, telomere biology, and healthy longevity.
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CHAPTER 5: FOXO3 Genotype Modifies Inflammatory Biomarker Associations With
Cardiometabolic Disease in the CHAMP Cohort

5.1 Introduction

Chronic low-grade inflammation is a defining feature of biological aging and a major contributor
to cardiovascular disease. This process, commonly referred to as inflammaging, is characterized
by persistent activation of innate and adaptive immune pathways, leading to elevated circulating
levels of cytokines, chemokines, and growth factors®. Over time, sustained inflammatory
signaling contributes to endothelial dysfunction, vascular remodeling, and impaired tissue repair,

ultimately promoting the development of ischemic conditions such as angina?.

Inflammatory mediators function within a complex and highly interconnected network that
regulates immune cell recruitment, intercellular communication, angiogenesis, and metabolic
homeostasis. Key pro-inflammatory cytokines such as interleukin-1p (IL-1pB), interleukin-6 (IL-
6), and tumor necrosis factor-a (TNF-a) play central roles in vascular inflammation and
atherosclerosis®. Cytokines involved in adaptive immunity, including interleukin-2 (1L-2),
interleukin-7 (IL-7), interleukin-10 (IL-10), and interferon-y (IFN-y), contribute to immune

regulation and chronic inflammatory signaling*.

Chemokines such as monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory
proteins (MIP-1a and MIP-1p), regulated upon activation normal T cell expressed and secreted
(RANTES), and interferon gamma induced protein 10 (IP-10) mediate leukocyte trafficking and
tissue infiltration, amplifying inflammatory cascades within the vascular environment®. In

addition, growth factors including vascular endothelial growth factor (VEGF), platelet-derived
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growth factor-bb (PDGF-bb), and fibroblast growth factor basic (FGF-basic) are critical

regulators of angiogenesis and vascular remodeling, particularly in response to ischemic stress.

A broader panel of cytokines including interleukin-4 (IL-4), interleukin-5 (IL-5), interleukin-9
(IL-9), interleukin-12 (IL-12), interleukin-13 (IL-13), interleukin-15 (IL-15), interleukin-17 (IL-
17), eotaxin, granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-
stimulating factor (GM-CSF)®, and interleukin-1 receptor antagonist (IL-1RA) further reflects
diverse immune pathways spanning T-helper cell polarization, hematopoiesis, allergic responses,
and anti-inflammatory regulation. Together, these cytokines represent a comprehensive

inflammatory landscape relevant to aging and cardiometabolic disease.®

Despite extensive evidence linking inflammatory biomarkers to cardiovascular outcomes,
substantial interindividual variability exists in inflammatory profiles. Individuals with similar
clinical characteristics often exhibit markedly different cytokine patterns, and the strength of
cytokine disease associations is not consistent across populations’. This heterogeneity suggests
that inflammatory responses are influenced by underlying biological factors beyond

chronological age or disease status.

Genetic variation has emerged as an important determinant of immune regulation and resilience
to age-related disease. Among candidate genes, the forkhead box O3 (FOXO3) transcription
factor has been consistently associated with human longevity and reduced cardiometabolic risk
across diverse populations®. FOXO3 regulates a wide range of cellular processes involved in
stress resistance, including oxidative stress defense, autophagy, mitochondrial function,

apoptosis, and immune homeostasis.

120



Importantly, FOXO3 has been implicated in the modulation of inflammatory signaling pathways.
Experimental and human studies suggest that FOXO3 influences cytokine production, immune
cell activation, and the balance between pro-inflammatory and anti-inflammatory responses. The
rs2802292 G allele has been associated with enhanced stress-response capacity and improved
survival, raising the possibility that it contributes to disease resistance through regulation of

immune function®,

FOXO3 is not limited to suppressing inflammation and may instead play a more complex role in
regulating inflammatory responses. Genetic variation in FOXO3 may influence how cytokine
signaling pathways respond to physiological stressors such as ischemia or vascular injury. In this
context, FOXO3 may act as a regulator of inflammatory responsiveness, modulating the
magnitude and direction of cytokine disease associations rather than simply altering baseline

cytokine levels®.

Angina represents a clinically relevant manifestation of cardiovascular disease characterized by
myocardial ischemia and vascular dysfunction®. Inflammatory pathways contribute to both the
development of atherosclerotic lesions and the adaptive vascular responses to reduced blood
flow. Cytokines involved in immune activation, chemotaxis, and angiogenesis are therefore
likely to play key roles in angina pathophysiology. However, whether the relationship between

these cytokines and angina is modified by genetic factors such as FOXO3 remains unclear.

In the present study, we investigated whether the FOXO3 rs2802292 genotype modifies the
association between circulating inflammatory cytokines and angina in an aging male cohort from
the Concord Health and Ageing in Men Project (CHAMP).112 Using a comprehensive panel of

cytokines representing multiple immune pathways, we applied multivariable logistic regression
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models incorporating cytokine and genotype interaction terms to evaluate genotype-dependent

effects.

We hypothesized that the longevity-associated G allele is associated with a more regulated
inflammatory response, reflected by attenuation or modulation of cytokine—angina associations.
By identifying genotype-dependent patterns of immune modulation, this study aims to provide
insight into the mechanisms underlying interindividual variability in cardiovascular disease risk

and to advance understanding of immune regulation in aging populations.

5.2 Materials and Methods

5.2.1 Study Cohort

The study cohort consisted of participants from the Concord Health and Ageing in Men Project
(CHAMP), a longitudinal, population-based study conducted in Sydney, Australia. CHAMP
recruited 1,705 community-dwelling men aged 70 years and older between 2005 and 2007.
Participants were primarily recruited from the local community and provided written informed
consent prior to participation. Baseline data collection included comprehensive health
assessments, detailed medical histories, and collection of blood samples for genomic and
biomarker analyses. For the present study, a subset of CHAMP participants with available blood
samples and complete data on age, cardiovascular health, and metabolic profiles was selected for
FOXO3 genotyping and downstream analyses.*!'? Genomic DNA was extracted from whole

blood using standard phenol-chloroform procedures or validated commercial extraction Kits.

Demographic, clinical, and biochemical data were obtained for each participant, including

measures of body mass index (BMI), blood pressure, fasting glucose, and lipid profiles. These
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data enabled the examination of associations between FOXO3 genotype, telomere length,

inflammatory cytokines, and cardiometabolic health outcomes in this elderly male population.

5.2.2 Genotyping

Specific primers were designed to target the region of the FOXO3 gene containing the single
nucleotide polymorphism (SNP) of interest (e.g., rs2802292). PCR reactions were prepared in a
total volume of 25 uL, consisting of 10-50 ng of template DNA, 10 pL of 2x PCR Master Mix
(containing Taq DNA polymerase, dNTPs, and MgCL), 1 pL of forward and reverse primers (10
MM each), and nuclease-free water. The PCR amplification was performed under optimized
conditions: initial denaturation at 95°C for 3 minutes, followed by 34 cycles of 95°C for 30
seconds, 60°C annealing for 30 seconds, and 72°C extension for 1 minute, with a final extension
at 72°C for 5 minutes. Genotyping was performed by allelic discrimination assays using
TagMan® (Applied Biosystems, Inc.) and a Life Technologies QuantStudio 12K Flex

OpenArray system.®

The PCR products were analyzed by agarose gel electrophoresis. A 3% agarose gel was prepared
with ethidium bromide for DNA visualization. Five microliters of PCR product mixed with
loading dye were loaded into the gel, alongside a 100 bp DNA ladder. The electrophoresis was
run at 90 V for 90 minutes in 1x TAE buffer, and the DNA bands were visualized under UV
light. The expected band sizes corresponding to the different FOXO3 alleles were compared to

the DNA ladder to identify the presence of specific alleles.

5.2.3 Inflammatory Cytokine Measurement
Circulating inflammatory cytokines were measured from plasma samples collected at baseline

from participants in the CHAMP cohort. Peripheral blood was drawn using standardized
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phlebotomy procedures and processed according to established CHAMP protocols. Plasma
samples were separated by centrifugation, aliquoted to minimize freeze-thaw cycles, and stored

at —80°C until analysis.

Cytokine concentrations were quantified using multiplex bead-based immunoassays, which
allow simultaneous measurement of multiple cytokines from a single plasma sample. Assays
were performed according to the manufacturer’s instructions using commercially available kits

validated for human plasma.

The cytokine panel included markers involved in innate and adaptive immune signaling,
metabolic inflammation, chemotaxis, and vascular regulation (Table 1). Specifically, the panel
included interleukins (IL-1pB, IL-1RA, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12(p70),
IL-13, IL-15, IL-17), chemokines (eotaxin, interferon gamma-induced protein 10 [IP-10],
monocyte chemoattractant protein-1 [MCP-1/MCAF], macrophage inflammatory protein-1a
[MIP-1a], macrophage inflammatory protein-1p [MIP-1p], and regulated upon activation normal
T cell expressed and secreted [RANTES]), growth factors (vascular endothelial growth factor
[VEGF], platelet-derived growth factor-bb [PDGF-bb], and fibroblast growth factor basic
[FGFbasic]), and additional inflammatory mediators including tumor necrosis factor-o. (TNF-a),
interferon-y (IFN-y), granulocyte colony-stimulating factor (G-CSF), and granulocyte-

macrophage colony-stimulating factor (GM-CSF).?

For downstream analyses, cytokines were further grouped into functional categories based on
biological roles, including pro-inflammatory cytokines, anti-inflammatory cytokines,

chemokines, growth factors, and regulatory cytokines.
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Table 1. Functional Classification of Circulating Cytokines Analyzed in the CHAMP Cohort.
Cytokines were grouped into functional categories based on established roles in immune signaling
and inflammation, including growth factors, chemokines, pro-inflammatory, anti-inflammatory,
and adaptive immune mediators. This classification was used to support interpretation of cytokine
patterns across FOXO3 genotype strata and cardiometabolic disease phenotypes.

Category Cytokine Function

Growth Factors VEGF Angiogenesis, vascular remodeling
FGFbasic Cell growth, tissue repair
PDGF-bb Platelet activation, vascular proliferation
GCSF Neutrophil production
GMCST Myeloid cell differentiation

Chemokines MIP-1A Monocyte/macrophage recruitment

MIP-IB Immune cell recruitment
RANTES T-cell recruitment
EOTAXIN Eosinophil recruitment

IP-10

T-cell trafficking

MCP-1(MCAF)

Monocyte recruitment

IL-8 Neutrophil chemoattractant
Pro-inflammatory | IFN-g Th1 response

TNFA Systemic inflammation

IL-1B Acute inflammation
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IL6 Inflammation/metabolic

IL-12(p70) Th1 differentiation

IL-17 Chronic inflammation
Anti-inflammatory | IL-10 Suppresses inflammation

IL-1RA IL-1 inhibition
Adaptive Immune | IL-2 T-cell proliferation

IL-4 Th2 response

IL-5 Eosinophil activation

IL-7 Lymphocyte survival

IL-9 T-cell signaling

IL-13 Allergic response

IL-15 NK/T-cell activation

Standard curves were generated for each analyte using manufacturer-provided calibrators, and
cytokine concentrations were calculated based on fluorescence intensity values. All samples
were assayed in duplicate, and quality control procedures were applied to ensure assay
reliability, including exclusion of samples with values below the lower limit of detection or with
excessive intra-assay variability. Cytokine concentrations were reported in picograms per

milliliter (pg/mL).
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5.2.4 Statistical Analysis: Cytokine Associations and Predictive Modeling

Cytokine analyses were conducted to evaluate the association between circulating inflammatory
markers and cardiometabolic disease outcomes, including angina, diabetes, and hypertension, in
relation to genetic variation at the rs2802292 locus of the FOXO3 gene. Analyses were
performed using RStudio (version 4.4.2), and only high-quality observations with complete data

were included.

Cytokine concentrations were treated as continuous variables and log-transformed where
appropriate to improve normality and reduce the influence of extreme values. Cytokines were

standardized prior to analysis to facilitate comparison of effect sizes across markers.

Multivariable logistic regression models were used as the primary analytical approach to
estimate odds ratios (ORs) and 95% confidence intervals (CIs) for associations between
individual cytokines and disease outcomes. To assess whether FOXO3 genotype modifies these
associations, interaction terms between each cytokine and genotype were included in the models.

Genotype was modeled as a binary variable comparing G-allele carriers to TT homozygotes.

Odds ratios were interpreted as the change in odds of disease associated with a one-unit increase
in the log-transformed cytokine level. An OR greater than 1 indicates increased odds of disease
with higher cytokine levels, whereas an OR less than 1 indicates decreased odds. Significant
interaction terms were interpreted as evidence that the relationship between a given cytokine and

disease differs by FOXO3 genotype.

For cytokines demonstrating significant interaction effects, stratified analyses were performed to
estimate genotype-specific odds ratios, and interaction plots were generated to visualize

differences in effect magnitude and direction between genotype groups.
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To characterize global inflammatory patterns, odds ratios were visualized using heatmaps.
Heatmaps were constructed using cytokines as rows and disease outcomes as columns, with
color gradients representing the magnitude and direction of log-transformed odds ratios.
Hierarchical clustering was applied to identify groups of cytokines with similar association

patterns and to highlight genotype-dependent inflammatory signatures.

In addition to regression-based analyses, machine learning approaches were applied to evaluate
the predictive contribution of cytokine profiles to disease classification. Models were trained
using cytokines as predictor variables and disease status as the outcome, with analyses conducted
using established R packages including tidyverse, caret, randomForest, and pROC. Model
performance was assessed using cross-validation and standard metrics such as the area under the
receiver operating characteristic curve (AUC). Variable importance measures were used to
identify cytokines contributing most strongly to prediction, providing complementary insight

into key inflammatory drivers identified in regression analyses.

For cytokines demonstrating significant interaction effects, interaction plots were generated to
visualize genotype-specific differences in the relationship between cytokine levels and disease
outcomes, illustrating variation in effect magnitude and direction across genotype groups.
Statistical significance was evaluated using two-sided tests, with a p-value less than 0.05

considered statistically significant.

5.3 Results
5.3.1 Associations Between Circulating Cytokines and Cardiometabolic Outcomes

Table 2. Associations Between Circulating Inflammatory Cytokines and Angina Based on Odds
Ratios.
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Odds ratios (ORs) and corresponding p-values are shown for associations between circulating
inflammatory cytokine levels and angina, estimated using multivariable logistic regression models.
Cytokines were analyzed as continuous variables.

Odds ratios represent the change in odds of angina associated with increasing cytokine levels. When
interpreted in the context of FOXO3 genotype, positive associations (OR > 1) may reflect stronger
cytokine-related effects in G-allele carriers, whereas inverse associations (OR < 1) may indicate
attenuation or reduced inflammatory impact in this group.

P-values were calculated using two-sided tests, with statistical significance defined as p < 0.05. Asterisks
(*) denote statistically significant associations.

Cytokine Odds Ratio | p-value

VEGF 1.53 0.04*
IFN-g 0.55 0.05*
TNFA 0.65 0.08
FGFbasic 2.4 0.09
IL-1RA 0.74 0.14
IL-1B 0.64 0.14
IL-5 0.74 0.15
IL-12(p70) 3.46 0.16
MIP-IB 1.33 0.19
PDGF-bb 1.32 0.2
IL-10 181 0.25
RANTES 1.23 0.25
IL-13 1.61 0.33
IL-17 121 0.34
GCSF 0.73 0.45
IL-8 0.85 0.54
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GMCST 0.9 0.67
MIP-1A 0.93 0.74
IL-4 0.87 0.79
IL-9 0.93 0.84
IL-15 0.97 0.88
IL-6 1.02 0.93
IL-7 1.04 0.95
MCP-1(MCAF) 1.01 0.95
EOTAXIN 0.99 0.97
IP-10 0.99 0.98
IL-2 1.00 0.99

Table 3. Associations Between Circulating Inflammatory Cytokines and Hypertension Based on

Odds Ratios.

Odds ratios (ORs) and corresponding p-values are shown for associations between circulating
inflammatory cytokine levels and hypertension, estimated using multivariable logistic regression models.

Cytokines were analyzed as continuous variables.

Odds ratios represent the change in odds of hypertension associated with increasing cytokine levels.
When interpreted in the context of FOXO3 genotype, positive associations (OR > 1) may reflect stronger
cytokine-related effects in G-allele carriers, whereas inverse associations (OR < 1) may indicate
attenuation or reduced inflammatory impact in this group.

P-values were calculated using two-sided tests, with statistical significance defined as p < 0.05. No

statistically significant associations were observed.

Cytokine Odds Ratio p-value

EOTAXIN 1.22 0.20
FGFbasic 144 0.24
IL-10 1.26 0.24
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IL-12(p70) 1.20 0.39
IL-5 0.86 0.43
IL-7 1.34 0.51
MIP-IB 1.09 0.56
GCSF 0.83 0.57
IL-6 0.92 0.62
TNFA 0.91 0.63
RANTES 1.07 0.63
IL-8 1.09 0.63
IL-17 1.06 0.69
IP-10 0.94 0.69
IL-4 0.91 0.81
IL-13 1.07 0.82
IL-9 1.05 0.83
MCP-1(MCAF) 0.96 0.84
IFN-g 0.95 0.85
IL-15 1.03 0.87
IL-1RA 0.97 0.87
IL-1B 0.97 0.88
IL-2 0.97 0.89
GMCST 0.97 0.90
VEGF 1.02 0.92
PDGF-bb 1.01 0.94
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MIP-1A 1.00 1.00

Table 4. Associations Between Circulating Inflammatory Cytokines and Diabetes Based on Odds
Ratios.

Odds ratios (ORs) and corresponding p-values are shown for associations between circulating
inflammatory cytokine levels and diabetes, estimated using multivariable logistic regression models.
Cytokines were analyzed as continuous variables.

Odds ratios represent the change in odds of diabetes associated with increasing cytokine levels. When
interpreted in the context of FOXO3 genotype, positive associations (OR > 1) may reflect stronger
cytokine-related effects in G-allele carriers, whereas inverse associations (OR < 1) may indicate
attenuation or reduced inflammatory impact in this group.

P-values were calculated using two-sided tests, with statistical significance defined as p < 0.05. No
statistically significant associations were observed.

Cytokine Odds Ratio | p-value

MIP-1A 0.71 0.08
IP-10 1.35 0.13
TNFA 1.75 0.27
GMCST 1.71 0.31
IL-6 0.81 0.36
IL-1RA 1.32 0.40
IL-10 0.79 0.41
IL-1B 141 0.43
IL-2 0.62 0.48
PDGF-bb 0.88 0.51
FGFbasic 0.79 0.55
IL-7 1.40 0.56
VEGF 0.90 0.58
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IFN-g 1.31 0.59
EOTAXIN 1.10 0.63
MIP-IB 0.91 0.63
GCSF 0.81 0.64
IL-5 1.12 0.70
RANTES 0.94 0.72
MCP-1(MCAF) 1.08 0.72
IL-15 0.92 0.73
IL-17 1.07 0.74
IL-12(p70) 0.93 0.75
IL-13 1.08 0.83
IL-4 1.09 0.87
IL-8 1.00 0.98
IL-9 1.00 0.99

Table 5. Associations Between Circulating Inflammatory Cytokines and Cardiometabolic Disease
(CMD) Based on Odds Ratios.

Odds ratios (ORs) and corresponding p-values are shown for associations between circulating
inflammatory cytokine levels and composite cardiometabolic disease (CMD), estimated using
multivariable logistic regression models. Cytokines were analyzed as continuous variables.

Odds ratios represent the change in odds of CMD associated with increasing cytokine levels. When
interpreted in the context of FOXO3 genotype, positive associations (OR > 1) may reflect stronger
cytokine-related effects in G-allele carriers, whereas inverse associations (OR < 1) may indicate
attenuation or reduced inflammatory impact in this group.

P-values were calculated using two-sided tests, with statistical significance defined as p < 0.05. No
statistically significant associations were observed.
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Cytokine Odds Ratio | p-value

FGFbasic 1.72 0.09
IL-17 1.27 0.14
IL-7 1.73 0.22
IL-1B 0.64 0.23
IL-6 0.79 0.23
IFN-g 0.72 0.28
TNFA 0.78 0.29
MIP-1B 1.18 0.31
EOTAXIN 1.15 0.37
IL-2 0.81 0.38
IL-1RA 0.85 0.38
PDGF-bb 1.15 0.38
IL-13 1.26 0.42
RANTES 1.14 0.46
GMCST 0.83 0.48
IL-12(p70) 1.22 0.48
IL-10 1.17 0.52
MCP-1(MCAF) 0.89 0.57
IP-10 1.08 0.64
IL-15 0.93 0.68
IL-5 0.95 0.79
MIP-1A 1.04 0.79
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IL-4 111 0.79
GCSF 1.08 0.81
IL-8 1.04 0.83
VEGF 1.03 0.84
IL-9 0.98 0.94

We first evaluated associations between circulating inflammatory cytokines and cardiometabolic
disease outcomes using multivariable logistic regression models (Tables 2-5). Cytokines were
analyzed as continuous variables, and odds ratios (ORs) were used to estimate the change in

disease risk per unit increase in cytokine levels.

Among all outcomes examined, statistically significant associations were observed only for
angina (Table 2). Specifically, vascular endothelial growth factor (VEGF) was positively
associated with angina (OR = 1.53, p = 0.04), indicating increased odds of angina with higher
VEGF levels. In contrast, interferon-y (IFN-y) demonstrated an inverse association (OR = 0.55, p
=0.05), suggesting a potential protective or regulatory role. Tumor necrosis factor-o (TNF-a)
showed a similar inverse trend (OR = 0.65), although this did not reach statistical significance (p

= 0.08).

For hypertension (Table 3), diabetes (Table 4), and cardiometabolic disease (Table 5), no
cytokines reached statistical significance (p < 0.05), despite several showing suggestive trends
(e.g., FGFbasic in CMD, p = 0.09). These findings indicate that cytokine—disease associations
are most pronounced in angina and are comparatively weaker or absent in other cardiometabolic

conditions within this cohort.
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Notably, the directionality of associations observed in angina suggests a divergence between
angiogenic and inflammatory pathways. VEGF, a key mediator of angiogenesis and vascular
repair, was associated with increased disease odds, whereas pro-inflammatory cytokines such as
IFN-y and TNF-a showed inverse or attenuated relationships. This pattern may reflect
differential roles of cytokines in ischemic conditions, where vascular remodeling and immune
regulation occur simultaneously. The absence of similar patterns in other cardiometabolic
outcomes further supports the possibility that cytokine disease relationships are context-

dependent and more strongly linked to vascular stress responses characteristic of angina.

5.3.2 Pathway-Level Associations of Grouped Cytokines Across Cardiometabolic Outcomes

Table 6. Associations between grouped cytokine categories and angina. Odds ratios (ORs) and p-
values were derived from logistic regression models assessing associations between grouped
cytokine categories and angina status. Cytokines were grouped into functional categories as defined
in Table 1. Models were adjusted for age and relevant clinical covariates.

Group Odds Ratio p-value

Growth Factors 1.35 0.16
Chemokines 1.00 0.98
Pro-inflammatory 0.90 0.6
Anti-inflammatory 1.23 0.28
Adaptive Immune 1.10 0.63

Table 7. Associations between grouped cytokine categories and hypertension. Odds ratios (ORS)
and p-values were derived from logistic regression models assessing associations between grouped
cytokine categories and hypertension status. Cytokines were grouped into functional categories as
defined in Table 1. Models were adjusted for age and relevant clinical covariates.

Group Odds Ratio p-value
Growth Factors 1.01 0.93
Chemokines 0.95 0.75
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Pro-inflammatory 0.93 0.70
Anti-inflammatory 1.12 0.49
Adaptive Immune 1.03 0.84

Table 8. Associations between grouped cytokine categories and diabetes. Odds ratios (ORs) and p-
values were derived from logistic regression models assessing associations between grouped
cytokine categories and diabetes status. Cytokines were grouped into functional categories as
defined in Table 1. Models were adjusted for age and relevant clinical covariates.

Group Odds Ratio p-value

Growth Factors 0.87 0.47
Chemokines 1.32 0.15
Pro-inflammatory 0.93 0.8
Anti-inflammatory 0.80 0.33
Adaptive Immune 0.95 0.81

Table 9. Associations between grouped cytokine categories and cardiometabolic disease (CMD).
Odds ratios (ORs) and p-values were derived from logistic regression models assessing associations
between grouped cytokine categories and cardiometabolic disease (CMD) status. Cytokines were
grouped into functional categories as defined in Table 1. Models were adjusted for age and relevant

clinical covariates.

Group Odds Ratio p-value

Growth Factors 1.16 0.36
Chemokines 1.07 0.7
Pro-inflammatory 0.78 0.26
Anti-inflammatory 0.98 0.92
Adaptive Immune 0.94 0.73
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To further evaluate pathway-level inflammatory patterns, cytokines were grouped into functional
categories based on their biological roles, including growth factors, chemokines, pro-
inflammatory, anti-inflammatory, and adaptive immune markers (Table 1), and analyzed in

relation to cardiometabolic outcomes (Tables 6-9).

Across all outcomes, no grouped cytokine categories reached statistical significance. However,
consistent directional trends were observed aligned with individual cytokine analyses. In angina
(Table 6), none of the grouped cytokine categories reached statistical significance, despite
significant associations observed for individual cytokines in primary analyses. Growth factor
pathways demonstrated a positive association, while pro-inflammatory cytokines showed a
modest inverse relationship. Anti-inflammatory and adaptive immune groups exhibited weak
positive trends, whereas chemokines remained near the null. The absence of statistical
significance at the grouped level likely reflects heterogeneity within cytokine categories, where

opposing effects of individual markers may attenuate overall pathway-level associations.

In hypertension (Table 7), all grouped cytokine categories demonstrated associations close to the
null, with minimal variability across functional groups. Growth factors, chemokines, and
adaptive immune cytokines showed weak positive associations, while pro-inflammatory and

anti-inflammatory pathways were slightly inverse.

In diabetes (Table 8), chemokines demonstrated the strongest positive trend among grouped
categories, whereas anti-inflammatory cytokines showed a modest inverse relationship. Growth
factors and adaptive immune cytokines were slightly inverse, while pro-inflammatory cytokines

remained close to the null.
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In composite cardiometabolic disease (Table 9), growth factors and chemokines showed weak
positive associations, while pro-inflammatory cytokines demonstrated an inverse trend. Anti-

inflammatory and adaptive immune pathways remained near the null.

Overall, these grouped analyses indicate that inflammatory associations are modest at the
pathway level and largely consistent with individual cytokine findings. The most distinct pattern
was observed in angina, where divergence between growth factor and pro-inflammatory

pathways was evident, whereas other outcomes showed more uniform and attenuated profiles.

5.3.3 FOX03 Genotype Modifies Cytokine Associations Specifically in Angina
Given that statistically significant cytokine associations were observed only in angina, further

analyses focusing on genotype-dependent effects were restricted to this outcome.
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FOXO03 Genotype Modifies Cytokine Responses in Angina
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Figure 1. FOXO3 Genotype Modifies Cytokine Associations with Angina.

Interaction plots showing the relationship between circulating cytokine levels and angina stratified by
Interaction plots showing the relationship between log-transformed circulating cytokine levels and angina
stratified by FOXO3 rs2802292 genotype (TT vs G-allele carriers). Cytokine values were log10-
transformed to improve visualization and reduce skewness. Panels display (A) VEGF, (B) IFN-y, and (C)
TNF-a. Points represent mean values and error bars indicate standard error. Differences in slope and
direction between genotype groups reflect genotype-dependent modulation of cytokine-angina
associations.

Interaction plots were generated for the most relevant cytokines (VEGF, IFN-y, and TNF-a) to
visualize differences in cytokine—angina relationships between FOXO3 genotype groups (Figure
1.). These plots provide a more intuitive representation of interaction effects that are not fully

captured by regression coefficients alone.

Consistent with regression results, VEGF demonstrated a stronger positive association with
angina among G-allele carriers, suggesting an enhanced angiogenic or vascular remodeling

response in this group. In contrast, IFN-y and TNF-a exhibited attenuated or inverse associations
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among G-allele carriers relative to TT homozygotes, indicating a reduced pro-inflammatory

response.

Notably, the direction and magnitude of cytokine effects differed between genotype groups,
supporting the presence of genotype-dependent modulation rather than uniform effects across
individuals. This pattern is consistent with a model in which the FOXO3 G allele does not
simply suppress inflammation but instead regulates inflammatory responsiveness in a context-

dependent manner.

Closer examination of the interaction plots highlights distinct patterns of genotype-specific
responses, including divergence in effect direction and differences in slope between genotype
groups. In some cases, cytokine levels were associated with opposing trends in disease risk
depending on genotype, while in others, associations were present only in one group. These
patterns reinforce the presence of true interaction effects and suggest that FOXO3 genotype
alters the functional relationship between cytokine signaling and disease. Such genotype-
dependent differences are not readily captured by main effects alone and underscore the
importance of incorporating interaction-based approaches to better understand variability in

inflammatory responses.

5.3.4 Global Inflammatory Patterns Revealed by Heatmap Analysis
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Mean Cytokine Profiles by FOXO3 Genotype and Angina
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Mean Cytokine Profiles by FOXO3 Genotype and Hypertension
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Figure 2. Global Inflammatory Patterns Across Cardiometabolic Outcomes

Heatmaps of log-transformed odds ratios for associations between circulating cytokines and
cardiometabolic outcomes. Rows represent cytokines and colors indicate the direction and magnitude of
associations. Panels show (a) angina, (b) diabetes, (c) hypertension, and (d) composite cardiometabolic
disease (CMD). Distinct clustering patterns and greater variability in associations are observed in angina
compared to other outcomes, where patterns are more uniform and no statistically significant associations

are detected.

143




To further characterize the overall inflammatory landscape, we visualized cytokine associations
across outcomes using heatmaps (Figures 2a-2d).

Heatmap analysis revealed distinct patterns in both the magnitude and direction of cytokine
associations, with evidence of coordinated clustering among cytokines belonging to similar
biological pathways. Cytokines involved in immune activation and chemotaxis tended to cluster
separately from growth factors associated with angiogenesis and vascular remodeling, suggesting

pathway-specific contributions to disease risk.

Importantly, genotype-dependent differences were apparent in the overall inflammatory profiles.
G-allele carriers generally exhibited attenuated cytokine associations across multiple markers,
consistent with a more regulated or buffered inflammatory response. In contrast, TT
homozygotes showed stronger and more variable associations, indicative of greater inflammatory
reactivity. These patterns were most pronounced in the angina heatmap (Figure 2a), where clear
differences in clustering structure and effect magnitude were observed. In comparison, heatmaps
for diabetes, hypertension, and CMD (Figures 2b—2d) demonstrated more uniform and less
distinct patterns, consistent with the lack of statistically significant associations in these

outcomes.

Together, these heatmap patterns suggest that FOXO3 genotype influences not only individual
cytokine effects but also the broader organization of inflammatory networks. The coordinated
clustering of cytokines within functional groups indicates that inflammatory signaling operates
through interconnected pathways rather than isolated markers. The attenuation of these
coordinated responses in G-allele carriers is consistent with a more regulated inflammatory state,

in which the magnitude of cytokine signaling is modulated across pathways. This systems-level
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difference is most evident in angina, further supporting the idea that FOXO3-related effects are

amplified under conditions of vascular stress.

5.3.5 Pathway-Level Interaction Patterns Reveal Context-Dependent Effects of FOXO3
Genotype

a.
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FOXO03 Genotype Modifies Grouped Cytokine Responses in Hypertension
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Figure 3. FOXO3 genotype modifies grouped cytokine responses across cardiometabolic disease
phenotypes. Interaction plots showing standardized cytokine group scores across disease status stratified
by FOXO3 genotype. Cytokines were grouped into functional categories as defined in Supplementary
Table 1. Panels represent (a) angina, (b) diabetes, (c) hypertension, and (d) cardiometabolic disease
(CMD). Lines indicate mean standardized cytokine group scores for G-allele carriers (blue) and TT
homozygotes (red) across disease states. P-values correspond to genotype x disease interaction terms
derived from regression models.
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Interaction plots using grouped cytokine categories were generated to evaluate genotype-

dependent differences in inflammatory responses at a pathway level (Figure 3).

In angina (Figure 3a), clear separation between FOXO3 genotype groups was observed across
multiple cytokine categories. Growth factor pathways demonstrated a stronger positive
association with angina among G-allele carriers, while pro-inflammatory cytokine groups
exhibited attenuated or inverse relationships relative to TT homozygotes. Anti-inflammatory and
adaptive immune pathways showed modest positive trends, with visible differences in slope
between genotype groups. These patterns are consistent with individual cytokine interaction

results and indicate coordinated modulation of inflammatory and angiogenic signaling.

In diabetes (Figure 3b), interaction patterns were comparatively flat, with minimal separation

between genotype groups across all cytokine categories.

In contrast, in hypertension (Figure 3c) and composite cardiometabolic disease (Figure 3d), pro-
inflammatory cytokine groups showed a tendency toward increased associations relative to other
pathways, although these patterns did not reach statistical significance. Other cytokine categories

remained relatively stable across genotype groups.

Together, these findings indicate that FOXO3 genotype influences inflammatory responses at
both the individual cytokine and pathway levels, with the most pronounced genotype-dependent

effects observed in angina.

5.4 Discussion
In this study, we investigated whether the longevity-associated FOXO3 genotype modifies the

relationship between circulating inflammatory cytokines and cardiometabolic disease outcomes
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in an aging male cohort. Our findings demonstrate that cytokine-disease associations are not
uniform across conditions but are most pronounced in angina, where clear genotype-dependent
effects were observed. Specifically, VEGF showed a positive association with angina, while
IFN-y exhibited an inverse association, with TNF-a demonstrating a similar trend. These
relationships were further supported by interaction analyses, which revealed distinct differences
in the magnitude and direction of cytokine effects between genotype groups. In contrast, no
statistically significant associations or interaction effects were observed for diabetes,

hypertension, or composite cardiometabolic disease outcomes.

Together, these findings support a model in which FOXO3 does not simply suppress
inflammation but instead regulates inflammatory responsiveness in a context-dependent manner.
1314 The observed genotype-dependent effects were most evident in angina, a condition
characterized by vascular stress and ischemia, suggesting that FOXO3 may play a particularly
important role in modulating immune and vascular responses under conditions of physiological
stress.’® This is consistent with the known role of FOXO3 in stress resistance pathways,

including oxidative stress defense, autophagy, and maintenance of cellular homeostasis.

Among the cytokines identified, VEGF emerged as a key driver of angina-associated responses.
VEGF is a central regulator of angiogenesis and vascular remodeling, and its upregulation is a
well-established response to ischemic stress. Previous studies have shown that increased VEGF
levels are associated with both the severity of coronary artery disease and compensatory vascular
responses aimed at restoring blood flow. ® The stronger positive association observed in G-allele
carriers suggests that FOX03 may enhance adaptive angiogenic signaling, potentially

contributing to improved vascular resilience in this group.t’
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In contrast, IFN-y, a pro-inflammatory cytokine involved in immune activation and macrophage
signaling, demonstrated an inverse association with angina. Elevated IFN-y has been implicated
in atherosclerotic plaque instability and chronic vascular inflammation, and its reduction may
reflect a more controlled inflammatory environment.® The attenuation of IFN-y—associated risk
in G-allele carriers is consistent with prior evidence that FOXO3 regulates immune responses by
limiting excessive inflammation while preserving essential immune function. Similarly, TNF-a,
another key pro-inflammatory mediator, showed a trend toward inverse association, further
supporting the presence of a dampened inflammatory response in individuals carrying the

longevity-associated allele.®

Importantly, the combination of increased VEGF and reduced pro-inflammatory cytokine
associations suggests a coordinated shift in the balance between vascular repair and immune
activation. Rather than broadly suppressing inflammation, FOXO3 appears to modulate the
quality and direction of the inflammatory response, promoting pathways that support tissue
repair while limiting those that contribute to chronic damage.?®?! This nuanced regulation aligns
with emerging concepts in aging biology, where resilience is defined not by reduced activity of

biological systems but by their ability to respond appropriately to stress.?°

Although pathway-level analyses of grouped cytokines did not reach statistical significance, the
interaction plots revealed notable and biologically meaningful patterns that were not fully
captured by regression-based models. In particular, in angina, grouped cytokine interaction plots
demonstrated clear divergence between FOXO3 genotype groups, with growth factor pathways
showing stronger positive associations in G-allele carriers and pro-inflammatory pathways

exhibiting attenuation or inverse relationships.
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These patterns are consistent with individual cytokine findings and suggest that FOXO3 may
coordinate inflammatory responses at a systems level by modulating the balance between
angiogenic and pro-inflammatory signaling. *>2'The lack of statistical significance in grouped
analyses likely reflects heterogeneity within cytokine categories, where opposing effects of

individual markers may attenuate overall pathway-level associations.

In contrast, interaction patterns in hypertension and composite cardiometabolic disease suggested
a relative increase in pro-inflammatory pathway associations, although these trends were modest
and did not reach statistical significance. Together, these observations support a model in which
FOXO3 regulates the qualitative nature of inflammatory responses in a context-dependent

manner, with the most pronounced effects observed under conditions of vascular stress.?

These findings highlight the importance of integrating visualization-based approaches with
traditional statistical models, as interaction patterns may reveal coordinated biological responses

that are not readily detectable through aggregate or pathway-level analyses alone.

The absence of significant findings in diabetes, hypertension, and composite cardiometabolic
disease outcomes further highlights the context-specific nature of these effects. While
inflammation plays a role in all cardiometabolic conditions, the acute vascular and ischemic
components of angina may create a biological environment in which FOX0O3-mediated
regulation becomes more apparent.?® Alternatively, these findings may reflect differences in
disease mechanisms, with angina more directly linked to processes such as endothelial
dysfunction and angiogenesis, which are more closely tied to the cytokines identified in this

study.
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This study has several strengths. We utilized a well-characterized aging cohort with detailed
clinical and biomarker data, allowing for comprehensive evaluation of cytokine profiles across
multiple cardiometabolic outcomes. The inclusion of interaction terms enabled the identification
of genotype-dependent effects that would not be apparent from main effects alone. In addition,
the integration of regression analyses with heatmap visualization and interaction plots provided

both statistical and systems-level insight into inflammatory patterns.

However, several limitations should be considered. First, the cross-sectional design limits the
ability to infer causality or temporal relationships between cytokine levels and disease outcomes.
Second, the study population consisted of older men, which may limit generalizability to women
or younger populations. Third, while several cytokines demonstrated statistically significant or
suggestive associations, the number of significant findings was modest, and some results were
near the threshold of significance. These findings should therefore be interpreted cautiously and
validated in independent cohorts. Additionally, cytokine measurements were obtained at a single

time point, which may not fully capture dynamic changes in inflammatory signaling over time.

Future studies should aim to replicate these findings in larger and more diverse populations,
including longitudinal analyses to assess how cytokine and genotype interactions influence
disease progression and outcomes over time. Functional studies investigating the molecular
mechanisms by which FOXO3 regulates cytokine signaling pathways would further enhance
understanding of these interactions. In particular, exploring how FOXO3 influences the balance
between angiogenic and inflammatory responses under conditions of vascular stress may provide
valuable insight into mechanisms of cardiovascular resilience. Finally, integrating cytokine
profiles with other biological markers, such as metabolomic or transcriptomic data, may help to

further define the systems-level networks underlying healthy aging.

151



In conclusion, our findings demonstrate that FOXO3 genotype modifies the relationship between
inflammatory cytokines and angina, highlighting a context-dependent role for FOXO3 in
regulating immune and vascular responses. The observed pattern of enhanced angiogenic
signaling alongside attenuated pro-inflammatory associations suggests that FOXO3 contributes
to cardiovascular resilience by shaping the nature of the inflammatory response rather than
suppressing it entirely. These results provide insight into the biological mechanisms underlying
interindividual variability in disease risk and support the potential for genotype-informed

approaches to promoting healthy aging and preventing cardiovascular disease.
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CHAPTER 6: Discussion

6.1 FOXO3 as a Genetic Modifier of Cardiometabolic Resilience

This dissertation investigated the role of the longevity associated FOXO3 rs2802292 variant in
shaping survival, telomere dynamics, and inflammatory signaling in aging men from the
CHAMP cohort. Across Chapters 3 through 5, the findings collectively demonstrate that FOXO3
functions not simply as a longevity gene, but as a context dependent resilience modifier whose

protective effects are most evident under cardiometabolic stress.

In Chapter 3, survival analyses revealed that carriers of the FOXO3 G allele exhibited reduced
mortality risk specifically among individuals with angina. No significant survival advantage was
observed in those with hypertension or diabetes. These findings extend prior observations linking
FOXO3 to exceptional longevity and suggest that its protective influence is not uniform across
all cardiometabolic conditions. Rather, the survival benefit appears most pronounced in ischemic
heart disease, where oxidative stress and vascular dysfunction are central pathophysiological

drivers.

Together, the data indicate that FOXO3 mediated protection emerges most clearly in
environments characterized by cardiovascular stress, reinforcing its role as a resilience gene

rather than a universal lifespan extender.?

6.2 Telomere Attrition in Aging Is Disease Dependent Rather Than Inevitable
In Chapter 4, this dissertation examined whether telomere shortening represents an unavoidable

feature of chronological aging or whether it is primarily driven by cardiometabolic pathology.
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Among participants without cardiometabolic disease, leukocyte telomere length demonstrated
minimal age associated decline, with no evidence of genotype dependent differences. This
finding challenges the longstanding assumption that progressive telomere attrition universally
accompanies aging. Instead, the data suggest that healthy aging, at least within this cohort, may

occur without substantial telomere erosion.

In contrast, among individuals with cardiometabolic disease, particularly those with angina, TT
homozygotes exhibited significantly steeper age associated telomere shortening compared with
G allele carriers The age by genotype interaction indicates that FOXO3 modifies telomere

dynamics under cardiometabolic stress. Notably, genotype specific protection was most evident

in angina, whereas diabetes and hypertension did not demonstrate comparable modification.

These findings support a model in which FOXO3 does not globally slow telomere shortening but
rather preserves genomic stability in the presence of vascular stress. Telomere protection is
therefore conditional, emerging under adverse physiological conditions rather than in healthy

aging alone.?®

6.3 FOXO03 and Genotype Specific Inflammatory Signatures in Cardiometabolic Disease

In Chapter 5, genotype-stratified analyses of circulating inflammatory biomarkers demonstrated
that immune signaling patterns associated with cardiometabolic disease vary according to
FOXO03 rs2802292 genotype. Rather than uniform cytokine changes across all individuals, the
findings indicate that inflammatory responses are context dependent and influenced by genetic

background, with distinct patterns observed between TT homozygotes and G-allele carriers.

Across cardiometabolic disease states, cytokines were additionally evaluated at the pathway

level, revealing coordinated differences in grouped inflammatory profiles rather than isolated
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single-marker effects. While individual cytokine associations were often modest and did not
consistently reach statistical significance, broader patterns emerged in the interaction analyses. In
angina, hypertension, and overall cardiometabolic disease, pro-inflammatory cytokine groups
generally showed increased trends, whereas anti-inflammatory and regulatory cytokines

demonstrated more variable or attenuated responses across genotype groups.

Interaction plots further highlighted genotype-dependent differences in the direction and
magnitude of cytokine responses. In several disease contexts, G-allele carriers exhibited patterns
suggestive of a more coordinated inflammatory response, whereas TT homozygotes displayed
greater variability across cytokine groups. These differences were most apparent in angina,
where divergence in pathway-level trends suggested genotype-specific modulation of

inflammatory signaling under ischemic and vascular stress conditions.

The heterogeneity of these patterns across cardiometabolic disease subtypes supports a context-
dependent role for FOXO3 in immune regulation. In angina, where vascular inflammation and
oxidative stress are central features, the observed genotype-specific trends are consistent with a
role for FOXO3 in modulating endothelial and stress-response pathways. In contrast, in diabetes,
cytokine patterns were less distinct between genotype groups, suggesting that chronic metabolic
dysregulation may attenuate genotype-dependent differences in inflammatory signaling.
Hypertension demonstrated comparatively modest and less consistent cytokine patterns,
indicating that inflammatory mechanisms may play a more limited or secondary role relative to

hemodynamic stress in this condition.

Together, these findings indicate that inflammaging is not a uniform process across individuals,

but is shaped by both disease context and genetic background. FOXO3 appears to act as a
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regulator of immune resilience, modifying how inflammatory pathways respond to
cardiometabolic stress. Rather than uniformly reducing inflammation, the longevity associated
with G allele may promote a more adaptive and coordinated immune response, which could

contribute to improved biological stability and disease resilience in aging populations.*®

6.4 An Integrated Model of FOXO3 Mediated Cardiovascular Resilience
Taken together, the findings from Chapters 3 through 5 support a unified and biologically
coherent model in which FOXO3 functions as a context dependent regulator of cardiometabolic

resilience rather than a universal determinant of lifespan.

Across multiple levels of analysis, FOXO3 consistently emerged as a modifier of physiological
responses under stress. At the clinical level, G allele carriers exhibited reduced mortality risk in
the presence of angina, indicating a survival advantage specifically within ischemic
cardiovascular conditions. At the cellular level, FOXO3 attenuated telomere attrition in
individuals with cardiometabolic disease, particularly in angina, suggesting preservation of
genomic stability under conditions of vascular stress. At the molecular level, genotype specific
inflammatory signatures revealed that FOXO3 shapes immune signaling pathways, modulating

how inflammatory networks respond to cardiometabolic pathology.

Importantly, these effects were not observed uniformly across all conditions. Instead, FOXO3
mediated protection was most evident in contexts characterized by oxidative stress, vascular
dysfunction, and inflammatory activation, while its influence appeared attenuated in conditions
such as diabetes, where chronic metabolic dysregulation may override protective mechanisms.

This context specificity highlights a key conceptual shift from traditional models of longevity
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genes as global lifespan extenders toward a framework in which genetic factors enhance

resilience to specific physiological stressors.

Mechanistically, these findings support a model in which FOXO3 operates at the intersection of
multiple biological systems, integrating stress response pathways including oxidative stress
resistance, immune regulation, and cellular maintenance processes such as DNA repair and
autophagy. Through coordinated regulation of these pathways, FOXO3 may reduce cumulative
cellular damage, preserve tissue function, and improve organismal outcomes in the face of

cardiometabolic stress.

Within this framework, the longevity associated G allele does not eliminate disease, but instead
modifies the biological consequences of disease exposure. By attenuating telomere erosion and

reshaping inflammatory responses, FOXO3 may slow the progression of molecular damage that
ultimately contributes to morbidity and mortality. This model aligns with emerging perspectives
in aging biology that emphasize resilience, adaptability, and system level stability as key

determinants of healthy aging.

Overall, this integrated model positions FOXO3 as a central regulator of cardiometabolic
resilience, linking molecular, cellular, and clinical phenotypes within a unified framework. These
findings advance current understanding of the biological mechanisms underlying longevity and
highlight the importance of considering both genetic background and disease context in shaping

aging trajectories.
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6.5 Clinical and Translational Implications
The findings of this dissertation have important implications for both the conceptual
understanding of biological aging and the development of precision medicine approaches in

cardiometabolic disease.

First, the observation that telomere attrition is minimal in individuals without cardiometabolic
disease suggests that telomere shortening is not an inevitable consequence of chronological aging
but rather reflects underlying disease burden and physiological stress. This distinction refines the
interpretation of leukocyte telomere length as a biomarker, positioning it as an indicator of
biological stress exposure rather than a universal marker of aging. Incorporating disease context
into telomere-based assessments may therefore improve their clinical utility in evaluating aging

trajectories and disease risk.

Second, the identification of genotype specific inflammatory signatures highlights the
importance of genetic background in shaping immune responses in cardiometabolic disease. The
findings from Chapter 5 demonstrate that inflammatory pathways are differentially engaged
depending on FOXO3 genotype, suggesting that individuals may exhibit distinct immunological
profiles despite similar clinical diagnoses. This has direct implications for biomarker
interpretation and therapeutic targeting, as it underscores the limitation of one size fits all
approaches to inflammation in aging populations. Integrating genetic information with multi
cytokine profiling may enable more accurate risk stratification and more personalized

intervention strategies.

Third, the angina specific survival advantage observed among FOXO3 G allele carriers points to

vascular stress biology as a key pathway through which FOXO3 influences longevity. The
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convergence of survival, telomere, and inflammatory findings suggests that FOXO3 mediated
protection operates through coordinated regulation of oxidative stress responses, endothelial
function, and immune signaling. These pathways represent promising targets for therapeutic
intervention. Strategies aimed at enhancing FOXO3 activity or its downstream effectors may
have potential to mitigate vascular aging and improve outcomes in individuals at risk for

ischemic cardiovascular disease.

More broadly, these findings support a shift toward resilience based models of aging in clinical
research and practice.®® Rather than focusing solely on disease presence or chronological age,
assessing an individual’s capacity to respond to physiological stress may provide a more
meaningful framework for predicting health outcomes. FOXO3 and related pathways may serve
as key components of this resilience framework, offering opportunities to identify individuals

who are biologically protected despite disease exposure.

Together, these implications highlight the value of integrating genetic, molecular, and clinical
data to better understand heterogeneity in aging and disease progression. Advancing such
integrative approaches will be essential for translating insights from aging biology into targeted

strategies that promote healthspan and reduce the burden of cardiometabolic disease.

6.6 Future Directions
Future research should build upon these findings through longitudinal, mechanistic, and

translational approaches to further clarify the role of FOXO3 in cardiometabolic resilience.

Longitudinal studies will be essential to determine whether FOXO3 modifies trajectories of
aging related processes over time, rather than static measurements alone. Repeated assessments

of leukocyte telomere length and circulating inflammatory biomarkers may help establish
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whether the observed genotype dependent differences reflect sustained protection against
cumulative biological stress. Extending survival analyses to include incident cardiometabolic
disease and cause specific mortality will also provide greater insight into how FOXO3 influences

disease progression and clinical outcomes, particularly in ischemic conditions such as angina.

Replication in larger and independent cohorts will be critical to validate the genotype specific
associations observed in this study, particularly for findings with borderline statistical
significance. Increasing sample size and examining diverse populations will improve statistical
power, strengthen confidence in observed trends, and determine whether these genotype

dependent effects are consistent across different demographic and genetic backgrounds.

Given the network based nature of inflammatory signaling, future work should move beyond
single biomarker approaches and instead incorporate systems level analyses, such as pathway
based methods, clustering, or integrative multi omics strategies. These approaches may help
identify coordinated immune signatures associated with FOXO3 genotype and provide a more
comprehensive understanding of how inflammatory pathways are regulated in the context of

cardiometabolic disease.

Mechanistic studies will be essential to link FOXO3 genotype to biological function.
Investigations of immune cell subsets and FOXO3 dependent transcriptional networks may
clarify how FOXO3 regulates immune responses under physiological stress. In parallel, studies
examining endothelial function, mitochondrial integrity, and vascular repair processes may
provide insight into the observed disease specific effects, particularly the survival advantage in

angina, where vascular and oxidative stress pathways are central.
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From a translational perspective, these findings support the exploration of interventions aimed at
enhancing FOXO3 activity or its downstream pathways. Pharmacological approaches, including
small molecule FOXO3 activators such as anthocyanin based compounds, have been proposed as
potential strategies to modulate oxidative stress responses and improve vascular function.®
Investigating these compounds in the context of cardiometabolic disease may help determine
whether activation of FOXO3 pathways can attenuate inflammation, preserve cellular integrity,
and improve clinical outcomes. Intervention studies targeting early stages of cardiometabolic
disease will be particularly important to assess whether enhancing FOXO3 activity can promote

resilience before substantial disease progression occurs.

Summary
This dissertation demonstrates that the longevity associated FOXO3 variant functions as a
context dependent genetic resilience factor that modifies survival, telomere dynamics, and

inflammatory responses in cardiometabolic disease.

Rather than universally slowing aging, FOXO3 appears to provide resilience to biological
systems under cardiometabolic stress, particularly in ischemic cardiovascular conditions. These
findings refine current models of biological aging by emphasizing the interaction between

genetic resilience and disease burden in shaping aging trajectories.
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