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ABSTRACT 

 

 

EVALUATION OF CYTOSOLIC DNA SYNTHESIS RATES AS A POTENTIAL DRIVER OF 

MUSCULOSKELETAL AGING IN THE HARTLEY GUINEA PIG 

 
 

Advancing age is the greatest risk factor for many chronic diseases and, by 2035, the 

number of U.S. citizens over the age of 65 will exceed the number under the age of 18 for the first 

time in history. Inflammaging, systemic aging associated low grade chronic inflammation, is a 

contributing factor to age-related chronic disease in multiple tissue types and organ systems, 

including the musculoskeletal system. Age-related musculoskeletal decline is characterized by 

diseases such as sarcopenia and osteoarthritis and has a strong correlation with an increase in all-

cause mortality. While markers of inflammation are present in circulation, key drivers of 

inflammation that propagate age-related musculoskeletal decline are not well established. 

However, DNA that resides misplaced in the cytosol (cytoDNA) is a potent activator of the cGAS-

STING pathway, an innate immune response that drives inflammation and disrupts cell function. 

While cytoDNA and the cGAS-STING pathway have been linked to increased inflammation in a host 

of tissues and disease states, very little evidence supports its role in skeletal muscle aging. Hartley 

guinea pigs (HGPs) are a translational, non-transgenic model of spontaneous musculoskeletal 

decline known to develop systemic inflammation and progressive age-related comorbidities 

characteristic of human aging. To begin establishing if cytoDNA contributes to age-related 

musculoskeletal decline, we assessed age-related differences in rates of newly synthesized 

cytoDNA in the tibialis anterior (TA), a locomotor muscle susceptible to age-related decline, from 

male and female 5- and 15-month-old (mo) HGPs. To assess this, we used stable isotope labeling 

with deuterium oxide, a sensitive approach for measuring rates of DNA synthesis in vivo. Although 

our primary findings showed that overall rates of cytoDNA synthesis did not increase with age or 
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differ between sexes, we did identify a species of cytoDNA for which synthesis decreased with age, 

suggesting that the relationship between cytoDNA synthesis and aging is more complex than 

initially anticipated.  
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CHAPTER I – INTRODUCTION 
 

By 2035 the number of U.S. citizens over the age of 65 will exceed the number under the age 

of 18 for the first time in history.1 By 2050, the number of Americans projected to be living with at 

least one chronic disease will almost double.2 This places an enormous burden on the healthcare 

system as age-related diseases such as cardiovascular, renal and neurological diseases have both 

impetuous and expensive health outcomes. Although the prevalence of age-related diseases 

increases over the lifespan, various factors – including biological and social determinants – play a 

crucial role in shaping mortality outcomes in older adults.3 Regardless of biology or social 

circumstances, age itself is a potent risk factor for all-cause mortality.4 The identification of the 

“hallmarks of aging,” including but not limited to inflammation, mitochondrial dysfunction and 

cellular senescence, have accelerated research aimed at monitoring and targeting cellular aging to 

extend healthspan; the years spent free of the burden of all age-related chronic diseases. 5   

Inflammaging, the systemic chronic low-grade inflammation associated with aging, is a 

complex interplay of cellular and molecular mechanisms that disrupt bodily systems including the 

musculoskeletal system.6 Inflammaging is a well-established contributor to cellular aging and is a 

shared etiology to both sarcopenia and osteoarthritis (OA).7,8,9 The dysregulation of cellular 

function that accompanies inflammaging occurs systemically and at the level of individual joints 

and skeletal muscle as well.10 The detriments of age associated musculoskeletal decline are 

characterized by frailty, loss of muscle mass and function, and joint pain, each of which share 

inflammation as a potent contributor towards their development.11,12 Although inflammaging 

contributes to age-related musculoskeletal decline in both men and women, hormonal differences 

— such as estrogen loss during menopause in females and gradual testosterone decline in males 

— may drive distinct sex-specific differences in the progression of this decline.13  
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The impact of age-related musculoskeletal decline on physical health is not limited to 

decrements in pain free movement and loss of strength, but also a stark increase in the risk of 

comorbidities as well.12 Skeletal muscle is a crucial metabolic organ that plays a key role in blood 

glucose homeostasis, energy balance, and prevention of insulin resistance, making it a powerful 

organ system to preserve metabolic health throughout the lifespan. The age associated decrease 

in skeletal muscle mass and function, called sarcopenia, has severe consequences downstream 

of muscle loss and impairments in movement. This includes an increased risk of metabolic 

syndrome, obesity, neurodegenerative disease, cardiovascular disease (CVD) and type two 

diabetes.14-17 Furthermore, sarcopenia and its associated comorbidities can contribute to the loss 

of independence, resulting in negative mental health outcomes.18 Although the risk of 

comorbidities of aging increase with sarcopenia, differences in mortality and chronic disease 

prevalence between women and men underscore the importance of investigating the sex 

differences of age-related musculoskeletal decline and chronic disease burden. Although the 

cause-and-effect relationship between age-related musculoskeletal decline and the 

aforementioned comorbidities has yet to be clearly established, evidence clearly supports that 

preserving muscle mass and strength with age reduces the risk of all-cause mortality.16,19 

The individual burden of musculoskeletal aging with co-morbidities is onerous for both 

health care systems and individuals. Hospitalizations come with significant healthcare costs, 

posing both public and personal health challenges.20, 21 These challenges drive the need for 

effective therapies against sarcopenia and a deeper understanding of the mechanisms by which 

inflammaging perturbates the musculoskeletal system and impacts overall health19, 22, 23 

CytoDNA is a marker of cellular aging that has been directly linked to an inflammation 

pathway promoting biological aging and senescence in several tissues, but has yet to be thoroughly 

studied in muscle.24 DNA is typically localized to the nucleus and mitochondria, but can end up in 
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the cytosol and drive inflammation with aging.25 Cells sense “misplaced” DNA in the cytosol as a 

threat, triggering an immune response. The intracellular sensors activate cyclic GMP-AMP 

synthase (cGAS) and stimulation of interferon genes (STING) as an immune response that prevents 

foreign pathogens from replicating.26 Cells sense “misplaced” DNA in the cytosol as a threat, 

triggering an immune response. The Intracellular sensors activate cyclic GMP-AMP synthase 

(cGAS) and stimulation of interferon genes (STING) as an immune response which prevents foreign 

pathogens from replicating.26 These cellular sensors are a vital first line of defense and a necessary 

component of the immune system’s ability to respond to foreign DNA.27 However, the cGAS-STING 

pathway does not differentiate between foreign DNA and DNA originating from the host cells, and 

can propagate inflammation independent of pathogen derived DNA, hastening cellular aging.28 The 

indiscriminatory trait of the cytoDNA/cGAS-STING pathway is a deleterious quality of the sensor 

which has been identified in multiple tissue types and organ systems, and has been implicated in a 

number of autoinflammatory, autoimmune, and neurodegenerative diseases.29 Despite these 

findings, a connection between cytoDNA and age-related musculoskeletal decline remains 

unclear. Given the gaps in understanding the specific mechanisms that diminish cellular function 

in aging muscle, identifying novel biomarkers of inflammation and propagators of senescence in 

skeletal muscle could offer new insights into the underlying processes driving muscle decline with 

age. 

To investigate the relationship between cytoDNA and muscle aging, an animal model that 

closely mimics human aging is needed. While yeast, worms, flies and mice have been common 

models in aging research, there are fundamental gaps in the translational knowledge they provide 

as they do not replicate the complex musculoskeletal decline or multimorbidity’s seen in aging 

humans.30 For example, mice are often used due to their short lifespan and biological similarity to 

humans, but they do not fully recapitulate the natural progression of musculoskeletal aging.31, 32 An 
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animal model that better reflects human aging, without relying on genetic modification, is 

necessary to accurately study the triggers and drivers of age related musculoskeletal degeneration. 

The Dunkin Hartley guinea pig (HGP) is a non-transgenic outbred strain of guinea pig that 

develops primary joint degeneration beginning in early adult life, with progression that culminates 

in severely impaired mobility.33 Similar to observations in humans, the HGP exhibits joint 

degeneration accompanied by a significant decline in muscle density, indicative of greater fat 

deposition. From 5 to 15 months of age, myofiber remodeling is also observed, characterized by a 

decrease in type II fibers and an increase in type I fibers.34 Moreover, skeletal muscle age-related 

changes include decreased mitochondrial function and protein dyshomeostasis evidenced by age-

related decreases in mitochondrial, cytosolic, myofibrillar, and collagen protein synthesis 

rates.34,35 In addition to musculoskeletal decline, HGPs also model aging-related multimorbidities, 

such as metabolic and cardiovascular disease, and exhibit hallmarks of brain aging and 

Alzheimer’s disease seen in humans.36-38 Lastly, the early onset of knee OA in HGPs have made 

them a useful model for identifying the relationship between joint degeneration and obesity.39 

Collectively, these changes mirror what is observed from aging humans, making HGPs a valuable 

model for both discovery and translational research to identify effective interventions to slow or 

prevent musculoskeletal aging.40,41  

 GAP IN KNOWLEDGE AND STATEMENT OF THE PROBLEM 

Cellular triggers of inflammation that drive age-related musculoskeletal decline remain 

incompletely understood. The presence of DNA in the cytosol is an established driver of 

inflammation in many tissues but its presence in skeletal muscle and role in muscle aging is 

undetermined. We will leverage the established HGP multi-morbidity model of age-related 

musculoskeletal decline to identify age-related differences in the rate of cytoDNA synthesis in 

skeletal muscle. 
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HYPOTHESIS 

We hypothesize that 15-month-old HGPs will have significantly higher rates of cytoDNA 

synthesis in skeletal muscle when compared to same sex 5mo HGPs. Further, female 5 and 15mo 

HGPs will have significantly higher rates of cytoDNA synthesis than males.  
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CHAPTER II – REVIEW OF THE LITERATURE 

 

UNHEALTHY AGING, A POTENTIAL PUBLIC HEALTH CRISIS 

The prevalence of age-related chronic diseases is an escalating public health concern. By 

2035, Americans aged 65 and older will outnumber those under 18 for the first time in history.1 By 

2050, the number of Americans living with at least one chronic disease is projected to nearly 

double.2 Aging is an inevitable part of life, and remains the strongest risk factor for chronic diseases 

yielding consequential public health implications for an aging population.3,42  

The risk of chronic disease with age is heavily influenced by a host of factors, including 

lifestyle behaviors and genetics.43,44 It is important to note that, while advancing age is a powerful 

risk factor for chronic diseases such as CVD, dementia and osteoarthritis, chronic disease is not 

an absolute guarantee. Healthspan refers to the period of life marked by good health and the 

absence of chronic disease or disability, and can be promoted by lifestyle factors.45-48 Food choices 

and eating behaviors that reduce inflammation, exclude ultra processed foods, and provide 

essential nutrients, are critical behaviors needed to reduce the risk for age-related chronic 

diseases and improve quality of life.49,50  Physical activity is also a robust defender against age-

related chronic disease by supporting muscle health and metabolism. 15,16,19,48,51 

Unfortunately, the percentage of middle aged and older adults with obesity, a disease 

associated with the development of sarcopenia, OA, and other chronic diseases, has continued to 

grow in the United States.14,52 The combined impact of biological aging and excess visceral 

adiposity is an increasing threat to public health for both current and future generations.53 In 

addition to the personal health challenges of unhealthy aging, living with more than one chronic 

disease is expensive. Estimates of health care costs for patients with obesity in 2019 were 

approximately 173 billion dollars and, although this includes children as well as middle aged and 

older adults, children with obesity are more likely to age with obesity than without.54,55 The United 
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States’ aging population's predicted health decline poses a public health crisis that must be 

prevented. 

Conversely, targeting cellular aging by increasing healthspan is a viable and vital strategy to 

combat obesity and compress the age associated risks of chronic disease into the latest years of 

life.44,45,56 Further, maintaining musculoskeletal health into early and late adulthood has profound 

benefits on preserving functional mobility, reducing joint pain, preventing or mitigating 

osteoarthritis, and maintaining the capacity to accomplish activities of daily living.57-59 However, OA 

and sarcopenia can affect mobility, lower limb joint pain and overall musculoskeletal function with 

age, making exercise and physical activity more difficult in the later years of life.60,61 These 

detriments of musculoskeletal aging can contribute to negative downstream effects on overall 

health in older adults, as sedentary behavior is a risk factor for age-related chronic disease.62 

Increases in healthspan not only benefit individuals but have a cumulative positive effect on public 

health.  Compressing morbidity to the latest years of life, improving quality of life, and reducing the 

amount of individuals with obesity, has the potential to reduce the pressure on an already strained 

healthcare system.63,64 Although significant advances have been made in the field of aging, such as 

the popularization of healthspan and the identification of the hallmarks of cellular aging, much 

remains to be understood about the underlying mechanisms of aging and pathways leading to age-

related chronic disease.5,65,66  

AGE RELATED MUSCULOSKELETAL DECLINE 

The musculoskeletal system, which accounts for roughly 40% of total body mass, plays a 

vital role in supporting movement, regulating energy balance, disposing of blood glucose, and 

promoting bone mineral density through resistance training. With age, this system undergoes 

progressive decline—including loss of skeletal muscle mass, bone density, articular cartilage, and 
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connective tissue integrity.67 This decline is more than a matter of reduced mobility, as it is linked 

to broader health consequences. Sarcopenia, and OA, a degenerative joint disease, are both 

associated with increased risk of CVD and type 2 diabetes.17,68 In addition, low muscle strength in 

older adults is strongly associated with higher all-cause mortality.16 

Whether age-related declines in musculoskeletal health initiate biological stressors that 

increase the development of chronic diseases or vice versa is yet to be fully understood.17,68 

Regardless, of the lack of an established cause and effect relationship, the link between age-

related musculoskeletal decline and other comorbidities is well-established.16,69,70 A meta-analysis 

by Pacifico and colleagues found that sarcopenia was more common in individuals with dementia, 

CVD, and diabetes mellitus compared to their healthy counterparts. Independent of other 

comorbidities, sarcopenia itself presents many health challenges including increased incidence of 

falls, fractures, and chronic pain among older adults.71 The challenges associated with these 

physical ailments not only impair mobility and functional independence but also contribute to 

psychological distress, as chronic pain and disability can intensify feelings of isolation and 

depression.72   

Although age related musculoskeletal decline affects both females and males, the etiology 

is not the same.41 While males experience a gradual and greater loss of strength and total lean 

muscle mass, females generally experience a much more rapid decline in lean mass and 

strength.13 Hormonal changes play a critical role in these differences. Estrogen, which has 

protective effects on bone density and muscle health, decreases significantly in women after 

menopause, leading to accelerated bone loss and increased risk of conditions such as sarcopenia, 

osteoporosis and OA.73,74 In contrast, males maintain higher levels of testosterone, which supports 

muscle mass and strength, contributing to a slower decline in these parameters as they age.75 This 

hormonal disparity is reflected in the prevalence of musculoskeletal disorders, where females 
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have higher rates of OA and associated pain compared to men.76 These sex-based differences 

reinforce the need to investigate the similarities and disparities in drivers of cellular aging and 

inflammation between males and females.  

INFLAMMATION, SENESCENCE AND MITOCHONDRIAL DYSFUNCTION: MECHANISMS 

CONTRIBUTING TO BIOLOGICAL AGING 

Aging is a well-established risk factor for all-cause mortality and a multitude of chronic 

diseases. The twice-updated hallmarks of aging offer a framework for understanding 12 

interconnected processes that contribute to the progression of biological aging.5,30,65 Within this 

framework, inflammation, mitochondrial dysfunction, and cellular senescence are deeply 

interconnected processes that reinforce one another in a feedforward loop-where chronic 

inflammation disrupts mitochondrial function, dysfunctional mitochondria promote cellular 

senescence, and senescent cells further drive inflammation—ultimately accelerating age-related 

cellular decline.77-80 Understanding the interplay between these mechanisms is critical for 

determining how deterioration of cellular function with age contributes to chronic disease. 

Inflammation, particularly inflammaging, is a hallmark of aging that shares a common 

ground with many age-related diseases.81 It is characterized by a persistent pro-inflammatory state 

that arises from factors including the accumulation of senescent cells, decreased mitochondrial 

function, and dysregulation of the immune system.9 This inflammatory environment can 

exacerbate tissue damage and promote the progression of age-related musculoskeletal decline 

and development of sarcopenia and OA.82,83  

The inflammatory response results in the release of cytokines that trigger muscle wasting, 

leading to decreased muscle mass and function.83,84 Although the relationship between 

inflammation and skeletal muscle decline has been extensively studied, a specific origin of 
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intracellular drivers of inflammation have yet to be tied directly to age related musculoskeletal 

decline.16,85 86  

For example, NLRP3 is an inflammasome that plays a key role in mediating age-associated 

inflammation and has been implicated in the development of sarcopenia, OA, as well as other age 

related chronic diseases.87-90 Findings from McBride and colleagues show that whole body NLRP3 

knockout older mice (24mo) are protected from decreased muscle mass and relative strength with 

age when compared to mice treated with the NLRP3 inflammasome.91 Further, NLRP3 knockout 

mice preserved glycolytic myofibers when compared to mice treated with the NLRP3 

inflammasome.91 Ferrucci and colleagues found that the leucocytes of older individuals show 

greater release of interleukin-6 (IL-6), resulting in increased circulating concentrations of the 

inflammatory cytokine. Further, Bian et al. found that among over 400 adults aged 60 and older, the 

emergence of sarcopenia was accompanied by elevated circulating IL-6 levels.92  In contrast, da 

Costa Teixeira et al. observed that in a cohort of older Brazilian women with sarcopenia, IL-6 and 

NLRP3 were not the predominantly elevated pro-inflammatory cytokine; instead, interleukin-8 (IL-

8), sTNFr-1, and sTNFr-2 were the most prevalent pro-inflammatory markers.93 These contrasting 

findings underscore the uncertainty surrounding the primary drivers of inflammation in age-related 

musculoskeletal decline and highlight the need to clearly establish the key drivers involved.  

Age-related mitochondrial dysfunction may also play a role in the OA and sarcopenia-

inflammaging link, with the overproduction of mitochondrial reactive oxygen species (ROS) 

potentially mediated by the NLRP3 inflammasome and interleuken-1 (IL-1) secretion.12 

Mitochondrial outer membrane permeability, a characteristic of mitochondrial dysfunction, leads 

to the release of mitochondrial DNA (mtDNA) and ROS, contributing to NLRP3 recruitment and 

subsequent maturation of other pro-inflammatory signals such as IL-1, IL-8, and interleukin-33 (IL-

33).91,94 NLRP3 activity has also been linked to pyroptosis, a damaging inflammatory cell death 
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mechanism implicated in OA, and to the upregulation of muscle atrophy–associated ubiquitin 

ligases in cultured myotubes.⁸⁹,⁹⁵ Beyond NLRP3, Tyrell et al. reported that age-related 

mitochondrial dysfunction increases IL-6 production in aortic tissue cultures from aged mice, 

creating a feedforward loop that promotes inflammation and primes the vasculature for enhanced 

atherogenesis following a hyperlipidemic challenge, thus underscoring mitochondrial dysfunction 

as a key contributor to atherosclerosis. 95 Together, these findings support a bidirectional 

relationship in which mitochondrial dysfunction and inflammation amplify one another, driving the 

progression of age-related diseases.96  

In addition to inflammation and mitochondrial dysfunction, senescence contributes to 

cellular aging.97,98,99 Cellular senescence is a state of irreversible cell cycle arrest that occurs in 

response to stressors such as DNA damage, oxidative stress, and inflammation.100-102 Although 

senescence is commonly viewed as a detrimental process, it also serves as a crucial defense 

mechanism that prevents the proliferation of cancerous cells.103 However, the accumulation of 

senescent cells leads to a decline in cumulative cellular function, disrupting tissue homeostasis.100 

Senescence associated secretory phenotypes, or SASPs, refer to the array of factors released from 

senescent cells that not only contribute to local tissue inflammation, but also affect systemic 

immune responses, leading to a cycle of inflammation that accelerates cell aging and further 

promotes cellular senescence.104 The systemic effects of senescence and the accumulation of 

SASPs is linked to age-related pathologies including CVD and neurodegenerative disease, further 

promoting a cycle of chronic inflammation.77,105 However, the role of senescence is not well 

understood in age-related musculoskeletal decline.40,106  

Skeletal muscle is comprised of post-mitotic multinucleated myofibers and a mixture of 

mitotically competent cells, which makes the susceptibility of these cell populations to 

senescence with advancing age unclear.99 γH2AX is a marker of DNA damage that accumulates at 



 12 

 

sites of double-strand breaks and is commonly used to identify senescent or stressed cells.107 A 

study by Dungan et al. found no increase in γH2AX+ cells in muscle from older individuals 

compared to younger ones; however, individuals with obesity were associated with higher γH2AX+ 

cell abundance, including elevated γH2AX levels in postmitotic myofiber nuclei from obese 

individuals compared to lean ones. Thus, this suggests that obesity may exacerbate cellular stress 

leading to senescence in skeletal muscle.108 Zhang et al. reported findings that mRNA levels of the 

senescence-associated genes p53 and p21 were elevated in skeletal muscle of older mice, 

monkeys, and humans, while others failed to detect senescence-associated genes in skeletal 

muscle from older adults.99,108 In contrast, Welle et al. identified elevated levels of several 

senescence associated genes including p53, p21, and Gadd4 in skeletal muscle of older adults.109  

While strong evidence of senescence markers have been identified in whole skeletal muscle 

tissue, evidence within individual muscle-resident cell types—such as myofibers, satellite cells, 

and fibro-adipogenic progenitors—remains limited.40 This highlights important gaps in 

understanding which specific cells contribute to the senescent phenotype observed in aged 

skeletal muscle. 

Solidifying primary drivers of inflammation in skeletal muscle with age will elucidate 

important pathways for therapeutic targets and contribute to the understanding of the cause-and-

effect relationship between inflammation, mitochondrial dysfunction, senescence and skeletal 

muscle decline. 

CYTOSOLIC DNA AND DNA SENSORS 

CytoDNA is DNA that exists outside of the nucleus or mitochondria and resides, misplaced, 

in the cytosol. This misplaced DNA may appear inauspicious, but it is detected by cellular defense 

mechanisms and has been shown to drive inflammation in a host of cells including myocardial 

cells, microglia, renal carcinoma cells and endothelial cells.28,79,110  While this defense mechanism 
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is vital for detecting foreign DNA and subsequently activating an immune response, chronic 

activation of the innate immune response is a potent driver of inflammaging and age-associated 

chronic diseases such as Alzheimer's disease and CVD.  29,111  

However, findings in the musculoskeletal system are much more limited. In nucleolus 

pulpous cells, cells critical to the integrity of intervertebral discs, Zhang et al. showed cytoDNA to 

be a potent driver of inflammation, promoting cellular aging and senescence.78  In skeletal muscle, 

Li et al. discovered myofibers of progeria aged mice feature increased release of mtDNA from 

damaged mitochondria.112 Although these novel findings from Li and colleagues are evident of a 

potential role of a cytoDNA mediated immune response driving muscle aging, similar findings have 

yet to be published.  

Cells are equipped with sensors that have evolved over time to detect foreign DNA and 

trigger an innate immune response to fight pathogens. Cyclic GMP-AMP synthase (cGAS), a cellular 

sensor known to detect foreign and self-DNA in the cytoplasm, synthesizes cyclic GMP-AMP 

(cGAMP), which acts as a messenger to stimulate the production of interferon genes (STING). 25,113  

CGAS remains primarily sequestered and inactivated in the nucleus tightly bound by 

nucleosomes unless it binds to a DNA backbone.27 Despite cGAS being a nucleic acid sensor, 

mechanisms preventing cGAS from binding to DNA within the nucleus remain unclear. Once cGAS 

binds to DNA, it synthesizes cGAMP and induces type I interferons such as IFN-β, IFN-α), however it 

also triggers NF-κB–dependent cytokines such as IL-6, TNF-α, and CXCL10,  

which are potent mediators of chronic inflammation.26,78 Although the cGAS-STING pathway is 

a vital front-line defense against foreign viruses and bacteria, it relies on pattern recognition 

receptors (PRR) to detect pathogens and its ability to differentiate self-DNA from DNA originating 

from a foreign pathogen is absent.113  
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In addition to cGAS, other cytosolic DNA sensors contribute to immune surveillance and 

inflammatory signaling. RNA Polymerase III (Pol III) detects double-stranded DNA and transcribes it 

into 5′-triphosphate RNA, which activates the RIG-I/MAVS pathway, leading to the production of 

type I interferons as well as pro-inflammatory cytokines such as TNF-α and IL-6.114 Another key 

sensor, absent in melanoma 2 (AIM2), forms an inflammasome complex upon binding to double-

stranded DNA in the cytosol.115 This inflammasome activates caspase-1, which processes and 

promotes the secretion of IL-1β and IL-18.116 There are at least four species of self-DNA that 

intracellular sensors will detect in the cytoplasm and initiate an immune response. They include 

the following: 

 
Micronuclei 

Micronuclei (MN) are small, membrane-bound structures that contain whole 

chromosomes or chromosome fragments in the cytosol and primarily form due to mitotic defects 

during cell division.24 These defects can occur in two main ways: chromosomes that lag and 

become isolated during anaphase, or DNA double-strand breaks (DSBs) that are not properly 

repaired and can result in chromosome fragments.117 When these fragments are fused by their 

telomeres, they can also become MN.118 Although MN are enclosed by a nuclear envelope, this 

envelope is often weakened with age and prone to rupture, exposing the DNA inside to the 

cytosol.119  

Cytosolic Chromatin Fragments 

Unlike micronuclei, many cytosolic chromatin fragments (CCF) appear in the cytosol 

through mechanisms not related to mitotic defects.120,121 CCFs are characterized by a suite of 

chromatin modifications and are suggested to have been formed from heterochromatin.118 Cells 

that have ceased proliferation and show reduced levels of Lamin B1, a protein crucial for 

maintaining nuclear envelope integrity, are particularly associated with CCF formation. This is 
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especially common in senescent cells, where degradation of the nuclear envelope is frequently 

observed.122  

Mitochondrial DNA 

MtDNA resides in the inner mitochondrial matrix and encodes genes essential for oxidative 

phosphorylation, ribosomal RNA, and transfer RNA.121 However, mtDNA is found outside the 

mitochondria in the cytosol under certain conditions including aging.26 In addition to aging, mtDNA 

release can occurs during apoptosis/mitophagy, or programmed cell death, when apoptotic 

signals cause large pores to form in the outer mitochondrial membrane, allowing mtDNA to escape 

into the cytoplasm.24 Additionally, sub-lethal stress can also lead to mitochondrial membrane pore 

formation, which can release mtDNA.123 Other factors related to mitochondrial dysfunction may 

also contribute to mtDNA leakage into the cytosol, although these mechanisms are still being 

studied.101 

Retrotransposons 

Retrotransposons are under the family of transposable elements (TEs), or mobile DNA 

sequences that make up approximately 50 percent of the human genome and translocate from the 

nucleus.124,125 Retrotransposons can be broadly classified into two subclasses: long terminal 

repeat (LTR) retrotransposons and non-LTR retrotransposons, which include long interspersed 

nuclear elements (LINEs) and short interspersed nuclear elements (SINEs).126 Both LINEs and 

SINEs may be exported from the nucleus to the cytosol where they can drive a cGAS-STING 

response.127,128 

CGAS- STING: AN EMERGING DRIVER OF INFLAMMAGING  

The cGAS-STING pathway has emerged as a key driver of inflammaging and senescence, 

playing a central role in the propagation of inflammaging upstream of age-related chronic 

diseases.28,129,130,111 For example, the nuclear membrane becomes increasingly permeable with 
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cellular age, compromising the integrity of the nucleus and affecting genomic stability. This rise in 

permeability is linked to a decline in Lamin B1, a key component of the nuclear lamina that helps 

maintain nuclear structure and regulate transport between the nucleus and the cytosol.122 

Reduced Lamin B1 levels contribute to increased leakage of CCF and impaired DNA repair 

mechanisms, driving the cGAS-STING pathway in senescent cells.119,114 Further, Lamin B1 

depletion is a common characteristic of inflammation associated with neurodegenerative 

disorders and senescent cells.131 In addition, SASPs released from senescent cells further induce 

senescence in surrounding cells leading to a larger amount of pro-inflammatory cells instigating 

the cGAS-STING sterile immune response.118,132 DNA damage can also induce senescence and has 

been identified as a contributor to the development of neurodegeneration.133 DNA damage, 

specifically double strand breaks, are strongly positive in CCF, a potent activator of the cGAS-

STING pathway.118,134 

Having been identified in the onset of neurodegeneration, cancer, and decreased vascular 

endothelial function, the deleterious promotion of sterile inflammation and cyclic like promotion of 

cGAS-STING mediated senescence is particularly relevant in the context of aging.135,77,110  Self-DNA 

from tumors and genomic instability by-products can activate the cGAS-STING pathway, 

influencing tumor progression.130 Additionally, the presence of cytoDNA originating from damaged 

mitochondria can activate the cGAS-STING pathway in endothelial cells, leading to inflammation 

that may compromise healthy vascular aging.77 In autoimmune diseases, the activation of cGAS by 

self-DNA has been linked to the pathogenesis of autoimmune conditions by aberrant production of 

IFN-1.29 Moreover, in neurodegenerative diseases like amyotrophic lateral sclerosis (ALS), the 

detection of mtDNA released in response to cellular stress can activate the STING pathway, 

leading to neuroinflammation and disease progression.136 The cGAS-STING pathway has also been 

linked to the development of neurodegenerative conditions such as Alzheimer's and Parkinson's 
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diseases, where inflammation plays a critical role in disease progression.135 Lastly, Gulen et al. 

found that the inhibition of STING showed significant improvements in both cognitive function, grip 

strength and physical endurance in mice, suggesting a bidirectional relationship where 

inflammation associated with musculoskeletal decline can exacerbate neurodegenerative 

processes or vice versa.137 

Although the role of cGAS-STING in age-related diseases and inflammaging is increasingly 

recognized, its specific involvement in musculoskeletal aging remains underexplored. Given the 

critical role of the musculoskeletal system in maintaining mobility, metabolic health, and quality of 

life, identifying whether cytoDNA plays an important role in musculoskeletal decline would be an 

impactful step toward improving musculoskeletal health and reducing multimorbidities of aging. 

An ideal approach for addressing this gap in knowledge is to leverage a model that not only mimics 

the musculoskeletal decline observed in human aging, but also includes the comorbidities 

frequently observed with advancing age.  

THE DUNKIN HARTLEY GUINEA PIG AS A MODEL OF MUSCULOSKELETAL AGING 

Identifying the molecular underpinnings of age-related decline in musculoskeletal function 

is essential for developing effective strategies to slow or prevent the loss of mobility and potentially 

help abrogate comorbidities of aging. In particular, understanding the processes leading to a 

“tipping point” when inflammation in muscle may become maladaptive will require use of a model 

that closely mimics the complexities of human aging. Frequently, models are limited by factors 

including an unfeasibly long timeline to reach age-related decline, genetic modification that 

complicates data analysis, and biology that does not closely mimic humans. To effectively model 

the characteristics important for capturing the decreasing cellular function associated with 

musculoskeletal decline in humans, it is essential to consider a range of factors that reflect the 

pathophysiology.  
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A reliable animal model of human musculoskeletal decline must exhibit aging phenotypes 

that closely resemble those seen in humans. These include shifts in myofiber size from large to 

small, joint degeneration that impairs mobility, changes in muscle mass, loss of mitochondrial 

function and proteostasis, and persistent low-grade inflammation.138-141 The Dunkin Hartley guinea 

pig (HGP) is a non-transgenic, outbred strain, and is a well-characterized model of primary OA that 

shares similar pathophysiological features with humans. One of the key advantages of this model 

is its early and predictable decline in musculoskeletal function, with pathological signs of OA 

emerging as early as four months of age.34 HGPs also display hallmarks of muscle aging, including 

significant reductions in skeletal muscle protein synthesis across multiple subcellular fractions 

including mitochondrial, myofibrillar, cytosolic, and collagen. In addition, they exhibit significant 

declines in mitochondrial function, such as submaximal ADP-stimulated respiration and 

uncoupled respiration. 35  

Another strength of the HGP model is its development of age-related comorbidities. As they 

age, HGPs may develop vascular disease, obesity, and neurodegenerative impairments—

conditions that frequently co-occur in aging human populations.36,39,142 This is in contrast to many 

other rodent models of muscle aging, which fail to spontaneously develop such multimorbidities 

without genetic modification.32  

Finally, because HGPs are not genetically modified, they avoid the consequential side 

effects associated with knockout mouse models. These genetically altered models, while useful 

for studying specific mechanisms, can produce phenotypes that deviate from the natural 

progression of human muscle aging, limiting their translational relevance.32,143 These findings 

demonstrate that HGPs display key features of musculoskeletal aging and age-related 

multimorbidities, making them an ideal model to investigate the relationship between 

musculoskeletal decline and cytoDNA synthesis rates. 
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SUMMARY 

CytoDNA and the cGAS-sting pathway are potent drivers of inflammation and senescence 

in many tissues, and therefore, a possible propagator of age-related chronic disease. However, the 

role of cytoDNA as a driver of inflammaging in skeletal muscle has yet to be elucidated. To 

investigate a relationship between rates of cytoDNA synthesis and age-related musculoskeletal 

decline, an animal model that mirrors human musculoskeletal aging is needed. The HGP is a novel 

model of age-related musculoskeletal decline that closely resembles multimorbidities 

characteristic of aging humans. Therefore, we will leverage this unique animal model to investigate 

the potential role of cytoDNA in the development of a skeletal muscle aging phenotype. 
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CHAPTER III-METHODS 

HUSBANDRY  

All procedures were approved by the Colorado State University Institutional Animal Care 

and Use Committee and were performed in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals. Samples used in this study were collected from control animals in a previously 

funded project. Male and female HGPs were obtained from Charles River Laboratories 

(Wilmington, MA, USA). We also collected samples from a comparison strain that does not develop 

multimorbidities of aging over the same age range as the HGP strain. Specifically, we obtained 

samples from female pigmented (PET) guinea pigs (Elm Hill Laboratories; Chelmsford, MA). 

Animals were acclimated to Colorado State University’s Laboratory Animal Resources housing 

facilities, singly housed in solid bottom cages, maintained on a 12-12-hour light-dark cycle, and 

provided ad libitum access to food and water.  

DEUTERIUM OXIDE LABELING  

To assess long-term rates of total and cytosolic skeletal muscle DNA synthesis, all guinea 

pigs were given a subcutaneous injection of 0.9% saline enriched with 99% deuterium oxide (2H2O) 

equivalent to 3% of their body weight 30 days prior to euthanasia. Drinking water was enriched to 

8% 2H2O for the purpose of maintaining deuterium enrichment of the body water pool during the 30-

day labelling period. At the time of euthanasia and tissue harvest, the guinea pigs were 5mo or 

15mo of age. 

EUTHANASIA AND TISSUE COLLECTION  

Euthanasia was carried out in accordance with the standards of the American Veterinary 

Medical Association. Following an overnight fast, animals were anesthetized with a mixture of 

isoflurane and oxygen; thoracic cavities were opened, and blood was collected via direct cardiac 
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puncture. Whole blood was centrifuged (1200 g, 4oC, 15 min) to separate plasma, which was frozen 

at -80oC until further analysis. After blood collection, the anesthetized animals were transferred to 

a chamber filled with carbon dioxide for euthanasia. The soleus, gastrocnemius, and tibialis 

anterior were trimmed of tendons and connective tissue, weighed, and flash frozen in liquid 

nitrogen. The tibialis anterior (TA) samples were used as part of current studies.  

Two females required humane euthanasia prior to final analysis due to underlying issues 

unrelated to treatment (HGP final: n = 12 5mo males, n=10 15mo males, n=10 5mo females, n=8 

15mo females; PET final: n=4 5mo females and n=4 15mo females). Other gross necropsy findings 

by veterinarians were unremarkable.  

TISSUE SAMPLE FRACTIONATION  

The TA muscle was homogenized and fractionated following established laboratory 

protocols and with the experimenter blinded to group. The muscle was first pulverized into a fine 

powder, using mortar and pestle. Liquid nitrogen was used to keep the muscle frozen and prevent 

thawing. Powdered TA between 50-75mg was weighed, transferred to 1.5 ml microcentrifuge tubes, 

and stored at -80 oC. Briefly, tissues (50 – 75 mg) were homogenized at 1:10 ratio in mito 1 lysis 

buffer (100 mM KCl, 40 mM Tris HCl, 10 mM Tris Base, 5 mM MgCl2, 1 mM EDTA, 1 mM ATP, pH – 

7.50) using a tissue homogenizer (Bullet Blender, Next Advance Inc., Averill Park, NY, USA) with 

zirconium beads (Next Advance Inc., Averill Park, NY, USA). After homogenization, subcellular 

fractions were isolated via differential centrifugation at 800g for 10 minutes at 4  oC. Supernatant of 

the previous spin was transferred to a 1.5ml microcentrifuge tube and spun at 9,000g for 10 

minutes at 4 oC. 200ul of supernatant, namely cytosol fraction, was transferred to a new 1.5ml 

centrifuge tube and stored at -80 oC. 

DNA EXTRACTION 
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Two sequential procedures of DNA extraction were used to collect different cytoDNA 

species:1, in the shorter length range estimated at approximately 10-400 base pairs; 2, and in the 

longer length range estimated at approximately 400-2000+ base pairs.144 We categorize these as 

short cytoDNA and long cytoDNA respectively. The pool of DNA extracted with these procedures 

contain double stranded DNA (dsDNA), ssDNA (single stranded DNA) and potentially 

deoxynucleotide triphosphates (dNTPs) (Figure 1).  

 

 
Figure 1. DNA extraction through differential percentages of ethanol precipitation enriches 

different sizes of cytoDNA. We posit DNA extraction with 70% ethanol precipitation enrich longer 
DNA species in the range of approximately 400-2,000+ base pairs. In addition, we posit DNA 
extraction by 92.5% ethanol precipitation enrich shorter cytoDNA species, approximately within 
the range of 10-400 base pairs.   

  

Long CytoDNA Extraction 

200ul cytosol fraction was incubated with 20ul of proteinase K at 55  oC and shaken at 

1,500rpm for 20 hours. Samples were then taken off the thermal shaker and cooled at room 

temperature for 10 minutes. 200ul of 10mM EDTA, 40mM Tris pH 8.0 was added to the proteinase K 

treated sample, and then 410ul of phenol chloroform (pH 8.0) was added to sample and vortexed 

for 30 seconds. Then, the samples were spun at 17000g for 15 minutes at 4  oC.  
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360ul of the top layer of supernatant was carefully removed at 90ul intervals to a new 1.5 ml 

Eppendorf tube without disturbing the middle and bottom layer. 360ul of chloroform was added to 

the solution, vortexed for 15 seconds and spun for 10 minutes at 17,000g and 4  oC. 300ul of 

supernatant was transferred to a new 1.5 ml Eppendorf tube at 100ul intervals three times without 

disturbing the other layers. 30ul of 3M sodium acetate (pH 7.0) and 4ul of (5mg/ml) glycogen was 

added to each sample and vortexed for 5 seconds. 780ul of 100% cold ethanol was added and 

samples were vortexed for 15 seconds. Samples were then incubated at –80 oC for 30 minutes. 

Following the 30-minute incubation at -80oC of the fractionation protocol, samples were 

removed from the freezer and immediately centrifuged for 45 minutes at 17,000g at 4oC. The 

supernatant was then removed and saved at -80oC for the subsequent precipitation of the short 

DNA species. 500ul of 70% EtOH was added to the pellet which was carefully loosened with light 

flicking and tapping. The resuspended pellets were then spun at 17,000g at 4  oC for 10 minutes. 

Supernatant was then removed, and tubes were lightly spun to bring all residual sample to the 

bottom of the tube. Then, using a 20ul pipette, the residual supernatant was removed without 

disturbing the pellet. Under a lab bench light, the pellets were dried for 5-20 minutes, until the 

pellet was visually dry and transparent. Once all pellets were dried, 100ul of milli Q water was 

added to dissolve the pellet. DNA concentrations were measured by a NanoDrop 2000 

spectrophotometer.  

Short CytoDNA Extraction 

The supernatant from the 70% EtOH long cytoDNA species precipitation step was used for 

further precipitation of the short cytoDNA species. Supernatant was removed from the -80 oC 

freezer and thawed. After thawing and vortexing briefly, 500ul of sample was transferred to a 

separate tube and 15ul of 3M sodium acetate (pH=7) and 4ul of 5mg/ml glycogen was added. 

1,500ul of 100% EtOH was added to reach 92.5% EtOH and samples were incubated at –80oC for 
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30 minutes. Following the incubation, samples were spun at 17,000 g for 45 minutes at 4oC.  The 

supernatant was removed and 500ul of 92.5% EtOH was added to the sample for washing. Pellet 

was loosened with light tapping and then spun at 17,000g for 5 minutes. The supernatant was 

removed and 500ul of 92.5% EtOH was added to the sample followed by centrifuging at 17,000g for 

5 minutes once more. The supernatant was removed as well as any remaining liquid with a 20ul 

pipette. Under a lab bench light, the pellets were dried for between 5 and 20 minutes, until the 

pellet was visually dry and transparent. Once all pellets were dried, 100ul of milli Q water was 

added to dissolve the pellet. DNA concentrations were determined by a the same NanoDrop 

machine.  

SAMPLE DERIVATION AND ANALYSIS VIA GC-MS: CYTO DNA 

For DNA hydrolysis, 25ul of DNA hydrolysis buffer ((Potato acid phosphatase 1 kU; 

Calbiochem, cat. no. 80602-592), (S1 nuclease Sigma, cat. no. N5661)) was added to 100ul of DNA 

sample followed with a quick vortex and incubation on shaker for 20 hours at 37  oC at 150 rpm. The 

hydrolysates were removed from incubator afterward and cooled at room temperature for 10 

minutes before being transferred to 10ml glass tubes. 200ul of pentafluorobenzyl hydroxylamine 

(1mg/ml) and 150ul of glacial acetic acid were added and vortexed for 5 seconds before incubating 

samples at 100 oC for 30 min. After incubation, samples were cooled at room temperature for 10 

minutes and then acetylated with 2ml of acetic anhydride and 200ul of n-methylimidazole. N-

methylimidazole was added to samples one at a time, quickly capped and lightly vortexed. 15 

minutes were allotted to allow the reaction to proceed before moving on to the next steps. After the 

reaction tubes cooled down to room temperature, 3ml of milli Q water was added to each tube and 

vortexed for 10 seconds. 1.2ml of dichloromethane was added at 600ul intervals and vortexed for 5 

seconds. 5 minutes were allotted for the phases to separate and settle before the next steps. The 

samples were then spun at room temperature briefly to facilitate the layer separation. Once the 
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speed reached 1,500rcf, the centrifuge was immediately stopped, and samples were removed after 

deceleration. The bottom layer of the tubes was then transferred to a new set of glass tubes 

containing anhydrous sulfate. 600ul of dichloromethane was then added to the original sample 

tubes, vortexed for 5 seconds and given 5 minutes for phases to separate and settle. Samples were 

centrifuged until the speed reached 1,500rcf, and then immediately stopped. Samples were 

removed after deceleration. The bottom layer was then transferred into a new set of glass tubes 

containing anhydrous sulfate. The sample tubes containing anhydrous sulfate were vortexed for 5 

seconds before being carefully transferred to a new 2ml glass vial. No anhydrous sulfate was 

transferred between tubes, only the solution. The extracted sample was then dried in vacuo at 55 

oC for 24 hours and resuspended in 80ul ethyl acetate. Samples resuspended in ethyl acetate were 

transferred in vial inserts, and capped and crimped for the analysis by GC/MS. The newly 

synthesized fraction of cytosolic DNA was calculated from the true precursor enrichment based 

upon blood plasma analyzed for 2H2O enrichment and adjusted using mass isotopomer distribution 

analysis.145 

QUANTIFICATION OF CYTOSOLIC DNA SYNTHESIS RATES 

To quantify the fractional synthesis rate (FSR) of deuterium labeled DNA in the cytosol, 

GC/MS was used to detect the stable isotope and calculate the average FSR across 30 days as well 

as the daily FSR. In this study, the term cytosolic DNA synthesis refers to DNA in the cytosol during 

the 30-day labeling period. While the word "synthesis" is used throughout for clarity and 

consistency, it is important to note that this does not represent DNA produced within the cytosol, 

rather DNA that has appeared or accumulated in the cytosol from nuclear and mitochondrial 

sources. We use this term acknowledging these limitations, as alternative terminology (e.g., 

accumulation or appearance) would imply assumptions about regulation of cytoDNA and kinetics 

that our data do not directly support. 
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STATISTICAL ANALYSES 

 Statistical analysis was performed using PRISM GraphPad 10 Software (GraphPad Software, 

La Jolla, CA) and R studio (version 2024.12.1+563). Two-way ANOVAs with Greenhouse-Geisser 

corrections were performed to assess the main effects of age, sex, and interaction. When 

significant main effects were identified, post hoc multiple comparisons were performed using an 

uncorrected Fisher’s LSD test to further assess differences between groups. Variability in the ratio 

of cytosolic to total DNA synthesis was assessed using two-tailed F-tests for equality of variance. 

When no main effect of sex was identified in the two-way ANOVAs, data were collapsed across sex 

and unpaired t-tests with Welch’s post hoc correction were used to compare data from the young 

vs aged guinea pigs. Critical value for significance was set a priori to P= 0.05 for both the t-tests and 

two-way ANOVAs. However, due to the exploratory nature of the experiment, trends approaching 

significance (0.05 < P < 0.1) were also reported and interpreted cautiously. Comparisons were 

made between age groups within each sex, as well as between young and old animals collapsed 

across sex. To evaluate the linear relationship between cytosolic DNA synthesis and total DNA 

synthesis within each group, Pearson correlation coefficients (Pearson’s r) were calculated. 

Correlation analyses were conducted separately for males and females at 5 and 15 months of age, 

and on sex-collapsed data for young and old groups. Two-tailed P-values were reported for all 

correlation analyses. 
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 CHAPTER IV-RESULTS 

 

SHORT DNA SPECIES RESULTS 

Rates Of CytoDNA Synthesis in the TA do not Differ with Age in Male and Female HGPs 

A two-way ANOVA was conducted to assess the influence of sex and age on rates of 

cytoDNA synthesis. There were no significant main effects of age or sex in the rates of short 

cytoDNA synthesis (Figure 2A). When sex groups were collapsed, there was no significant 

difference between the rates of newly synthesized short cytoDNA between 5 and 15mo HGPs 

(Figure 2B). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Short cytoDNA synthesis rates are not significantly different in 5 and 15mo 

HGPs. There were no significant main effects of age or sex in the rates of cytoDNA 
synthesis. (A). When male and female HGPs were grouped together, no statistically 
significant differences in rates of cytoDNA synthesis were detected (B). 
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Cyto: Total DNA Synthesis Rates Trend Towards an Effect of Age, and are more Variable in Older 

HGPs  

F-tests were run to evaluate the variability of cytoDNA: total DNA synthesis rates. F-test 

results revealed a statistically significant difference in variability between 5mo and 15mo males (F= 

0.1147, P= 0.0015), with older males exhibiting greater variability (Figure 3A). Similarly, a highly 

significant difference in variability was observed between 5mo and 15mo females (F= 0.0572, P= 

0.0003), with greater variability also present in the older females (Figure 3B). 

A two-way ANOVA was performed to analyze effect of sex and age in cytoDNA: total DNA 

synthesis rates. In male and female, 5 and 15mo HGPs, a trend toward a main effect of age was 

observed, but no significant effect of sex (Figure 3C). To further investigate this relationship, male 

and female groups were collapsed. Results from a Welch’s -test showed the trend for an age effect 

persisted (Figure 3D).  
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P= 0.0015 P= 0.0003 
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CytoDNA Synthesis Rates do not Correlate with Total DNA Synthesis Rates  

Pearson correlations were conducted to evaluate the relationship between short cytoDNA 

synthesis and total DNA synthesis rates in the TA of HGPs. No statistically significant correlations 

were found in any individual group (Figure 4).
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Compared To PETs, Synthesis Rates of CytoDNA in Female HGPs are Significantly Higher in Both 

5mo and 15mo Animals 

A two-way ANOVA was used to analyze synthesis rates of newly synthesized short cytoDNA 

between 5 and 15mo female HGPs, and 5 and 15mo female PET guinea pigs, revealed a main effect 

of strain (P= 0.001). Post hoc tests showed significantly higher rates of cytoDNA synthesis in 5mo 

HGPs compared to 5mo PETs (P= 0.0076), and 15mo HGPs compared to 15mo PETs (P= 0.0276) 

(Figure 5).  

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5. Female HGPs have higher rates of short 

cytoDNA synthesis than PETs. Rates of cytoDNA 
synthesis are significantly higher, in both 5 and 15mo 
female HGPs when compared to same age PET guinea 
pigs.   
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LONG DNA SPECIES RESULTS 

 
Rates Of CytoDNA Synthesis are Lower in 15mo Male and Female HGPs  

A two-way ANOVA was used to analyze rates of long cytoDNA synthesis between male and 

female 5 and 15mo HGPs revealing a significant effect of age (P= 0.0014) and a trend towards an 

effect of sex (P= 0.0532) (Figure 6). Contrary to our hypothesis, cytoDNA synthesis rates were 

significantly lower in both older male (P= 0.0123) and female (P= 0.0277) HGPs when compared to 

their younger counterparts (Figure 6).  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 6. 15mo HGPs have lower rates of cytoDNA 

synthesis compared to 5mo HGPs. Results from a 
two-way ANOVA reveal a main effect of age and a 
trend towards an effect of sex. Synthesis rates of long 
cytoDNA are significantly lower in 15mo male and 
female HGPs when compared to their sex matched 
counterparts.  
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CytoDNA: Total DNA Synthesis Rates are Not Different Between Age or Sex, But Variability 

Increases with Age in Female HGPs 

 

To evaluate age-related differences in the variability of cytoDNA: total DNA synthesis rates, 

we performed F-test were performed. No significant differences in variability between male 5 and 

15mo HGPs (Figure 7A). However, in females, a there was significantly greater variability (F= 

0.0373, P= 0.00004925) in 15mo compared to 5mo HGPs (Figure 7B). A two-way ANOVA was used 

to analyze the difference in the ratio of long cytoDNA: total DNA synthesis rates in HGPs. There 

were no main effects of sex or age in the ratio of longer cytoDNA synthesis rates to total DNA 

synthesis rates (Figure 7C). When sex groups were collapsed, no statistical differences in cytoDNA: 

total DNA synthesis rates were detected (Figure 7D). 

 

Figure 7. Variability of cytoDNA: total DNA synthesis rates increase with age in 

females only. No significant differences in variability were observed between 5mo and 
15mo male HGPs (A). In contrast, variability of 15mo females was significantly greater 
compared to their 5mo counterparts (B). CytoDNA: total DNA synthesis rates are not 
significantly different in 15mo HGPs compared to same sex 5mo HGPs (C). In a 
comparison of 5mo HGPs to 15mo HGPs with sex groups collapsed, no statistical 
differences are detected (D). 



 34 

 

CytoDNA Synthesis Rates Do Not Correlate with Total DNA Synthesis Rates  

Pearson correlations were conducted to assess the relationship between long cytoDNA 

synthesis and total DNA synthesis rates s in HGPs. No statistically significant correlations were 

found in any group (Figure 8).  

 

Figure 8. Rates of long cytoDNA synthesis do not correlate with total DNA 

synthesis. No statistically significant correlations between rates of long cytoDNA 
synthesis (Y-axis) and total DNA synthesis (X-axis) across HGP age and sex groups 
were observed. Figures A-D show results organized by age and sex. Panels E and F 
represent data collapsed across sex for each age group.  
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Synthesis Rates of CytoDNA Species are Not Significantly Different in Female PET Guinea Pigs 

When Compared to Female HGPs 

In contrast to the findings in rates of synthesis of short cytoDNA species, there were no 

significant differences in long cytoDNA synthesis rates between PET and HGP strains. There was a 

main effect of age, with post hoc multiple comparisons showing lower rates of long cytoDNA 

synthesis in 15mo compared to 5mo HGPs (figure 9).  

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
  

 
 

Figure 9. Rates of long cytoDNA synthesis are not 

statistically different between female PETs and HGPs. 

There was no main effect of strain in the rates of long 
cytoDNA synthesis. The main effect of age was explained 
by post hoc comparisons showing lower rates of long 
cytoDNA synthesis in the 15mo compared to 5mo HGPs. 
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CHAPTER V: DISCUSSION 

 

SUMMARY OF RESULTS 

The objective of this study was to evaluate the rates of cytoDNA synthesis in the TA of 

HGPs, an outbred non-transgenic model of progressive age-related musculoskeletal decline also 

characterized by other co-morbidities mimicking human aging. The primary findings show that 

rates of cytoDNA synthesis are not greater with age regardless of sex or cytoDNA base pair length. 

Interestingly, rates of longer cytoDNA synthesis are significantly lower in both male and female 

15mo when compared to 5mo HGPs. These findings contrast with our original hypothesis that 

15mo HGPs would exhibit higher rates of cytoDNA synthesis when compared to 5mo, and that 

females would have higher rates of cytoDNA synthesis than males. However, rates of synthesis in a 

DNA pool enriched with shorter cytoDNA species were significantly higher in both ages of HGPs 

when compared to PETs, a strain that does not develop age-related musculoskeletal decline or 

other co-morbidities over this 5-15mo age range. These findings suggest that rates of short 

cytoDNA synthesis may be more involved than long cytoDNA synthesis rates in the development of 

age-related musculoskeletal decline in HGPs.  

Importantly, this approach measures newly synthesized DNA over a 30-day labeling period, 

and subcellular fractionation methods were used to isolate and identify newly synthesized DNA 

specifically within the cytosolic fraction. As such, the term “cytoDNA synthesis” refers to the 

detection of newly synthesized DNA localized to the cytosol and does not reflect mechanisms 

which may regulate the presence of DNA in the cytosol. 
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AGE RELATED DIFFERENCES IN CYTODNA SYNTHESIS RATES ARE ONLY IN LONG DNA 

SPECIES 

A key finding in our study was that rates of cytoDNA synthesis in the TA did not significantly 

differ between age or sex in shorter cytoDNA synthesis rates (Figure 2A). However, rates of long 

cytoDNA synthesis were significantly lower in 15mo HGPs compared to 5mo (Figure 6). While 

precise classification of cytoDNA source origin by base pair length is currently unknown, emerging 

evidence suggest that shorter and longer cytosolic DNA fragments may arise from distinct cellular 

sources or processing mechanisms.146,147 Further, Identifying the source origin of cytoDNA in both 

long and short pools would allow for more supported conclusions regarding these differences; 

however, our methods did not include processes to categorize our pools of cytoDNA into potential 

sources, such as mtDNA, CCF, MN or retrotransposons. Despite this shortcoming, it is possible 

that the significantly lower rates of synthesis of the longer cytoDNA pool in older HGPs, could be 

attributed to intracellular clearance of cytoDNA. Findings from Watson et al. revealed that, in 

macrophages infected with mycobacterium tuberculosis, the recognition of bacterial DNA by the 

cGAS-STING pathway elicited ubiquitin-mediated autophagy, which then delivered 

the bacteria to autophagosomes for degradation.148 In addition, Liang et al. reported direct 

interaction between cGAS and the Beclin-1 protein to release the Rubicon-mediated inhibition of 

autophagy, thereby delivering cytosolic microbial DNA to autophagosomes for 

degradation.149  Findings in lymphoma cells from Shen and colleagues show the co-localization of 

cytoDNA with lysosomes and a subset of cytoDNA co-localized with CD63, a late endosomal 

marker that can recycle cellular material via exocytotic pathways.150 In addition to these findings, 

the discovery of DNA in extracellular vesicles of cancer cells (EVs) points to exocytotic 

mechanisms that can clear DNA from the cytosol.151 For instance, Yokoi et al. and Takahashi et al. 

have both shown that EVs play a role in maintaining cellular homeostasis by removing cytoplasmic 
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chromatin and micronuclei in both cancerous ovarian cells, and senescent diploid cells 

respectively.152,153 The combination of these published findings show the regulation of DNA through 

autophagy and exocytosis in both cancerous cells and senescent cells; however, similar findings in 

host cytoDNA of healthy cells have yet to be published. These mechanisms of DNA clearance from 

the cytosol may explain why our 15mo guinea pigs had lower rates of long cytoDNA synthesis than 

the 5mo animals.  

While we hypothesize that these regulatory mechanisms of cytoDNA may account for the 

lower rates of long cytoDNA synthesis in 15mo HGPs, they do not explain the lack of age-related 

differences in short cytoDNA synthesis rates. Although we cannot confirm length-based regulation 

of cytoDNA, our data suggest that aging cells may more effectively limit the accumulation of longer 

DNA fragments in the cytosol compared to shorter ones. (Figure 1). While we did not directly 

compare the yields or distributions of DNA fragment sizes between the long and short pools, this 

remains a plausible explanation that warrants further investigation. 

Despite our unexpected results, these findings are important as they suggest that age-

related differences in cytoDNA synthesis rates are more pronounced in long DNA species than in 

short ones. The lack of significantly lower rates of synthesis in the 15mo HGPs in short cytoDNA 

points to a potential selective mechanism that favors the regulation of larger DNA fragments in the 

cytosol. We propose that the selective clearance of cytoDNA fragments by autophagy and 

exocytotic mechanisms may limit cytoDNA accumulation in a base pair length dependent manner. 

To test this hypothesis, future studies should compare autophagic activity in cells harboring long 

versus short cytoDNA fragments, with a focus on potential length-dependent targeting for 

degradation. 
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THE RATIO OF CYTODNA TO TOTAL DNA SYNTHESIS RATES TREND TOWARDS AGE-RELATED 

DIFFERENCES IN SHORT CYTODNA SPECIES BUT NOT LONG 

Aging cells have increased nuclear and mitochondrial membrane permeability.41,122 Lamin 

B1, a vital protein for the integrity of the nuclear membrane decreases with senescence and leads 

to the blebbing of chromatin from the nucleus forming CCF, thus propagating inflammation.122 

Further, as mitochondrial dysfunction in cells increases with age, extrusion of the inner 

mitochondrial membrane leading to a release of mitochondrial DNA in the cytoplasm can drive 

inflammation.154 In a previous study in HGPs from our lab, markers of cellular senescence, 

including p21 and phospho-H2AX, were detected in TA muscle, indicating that this tissue 

undergoes senescence-associated changes with age (Walsh et al. Unpublished). Because 

senescent cells exhibit altered proliferation dynamics, are a marker of aging, and produce CCF, we 

investigated the potential of a relationship between cytoDNA synthesis rates and nuclear DNA 

replication.118 To assess this, we compared the rate of cytoDNA synthesis relative to total DNA 

synthesis, which reflects overall proliferation, by analyzing the cytoDNA: total DNA ratio in the TA.  

We found no significant differences between the ratio of cytoDNA synthesis to total DNA 

synthesis in either short or long DNA species. However, there was a trend (P= 0.0642) for a main 

effect of age in the short cytoDNA: total DNA synthesis rates (Figure 3C). Further, when sex groups 

were collapsed, this trend for a higher ratio in the 15mo compared to 5mo was stronger (P= 0.055; 

Figure 3D). We posit that high variability in the older animals prevented significant findings in both 

species.  

DISENTANGLING THE RELATIONSHIP OF CYTODNA AND TOTAL DNA SYNTHESIS RATES IN 

HGPS 

To evaluate age-related differences in the variability of cytoDNA: total DNA synthesis rates, 

F-tests were performed. These analyses revealed significantly greater variability with age in all 
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groups except for long cytoDNA synthesis rates in males (Figure 7A). This increased variability may 

reflect biological heterogeneity, a feature that becomes more pronounced with aging humans.155 

While inbred lab rodents generally show lower variability in data related to cell aging, HGPs are 

outbred and are comparatively more genetically heterogenous than inbred rodent models. 

Therefore, the greater variability with age may reflect more pronounced genetic heterogeneity 

expected in aging.  

Although higher variability contributed to the lack of significant differences between 5 and 

15mo HGPs, we propose that cytoDNA: total DNA synthesis rates hold promise as a biomarker for 

cellular aging. To further confirm the relationship of cytoDNA: total DNA synthesis rates as a 

marker of cellular aging, future studies should investigate whether higher cytoDNA: total DNA 

synthesis rates predict the onset and progression of musculoskeletal decline and hallmarks of cell 

aging in HGPs. 

In addition to our analyses of variability, we evaluated the correlation of cytoDNA synthesis 

and total DNA synthesis rates to further investigate the relationship between a driver of 

inflammation with cell proliferation. We did not identify any significant correlations of cytoDNA 

synthesis and total DNA synthesis in any groups in either short or long cytoDNA pools (Figure 4, 

Figure 8). Further, in an analysis of cytoDNA and total DNA in 5mo HGPs with sex collapsed, and an 

analysis in 15mo HGPs with sex collapsed, no significant correlations were identified (Figure 4E-F, 

Figure 8E-F). This suggests that rates of cytoDNA synthesis vary independently from total DNA 

synthesis within HGPs of both ages, and that high or low rates of total DNA synthesis do not reliably 

predict cytoDNA synthesis rates or vice versa.  
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CYTODNA SYNTHESIS IS HIGHER IN A MODEL OF AGE-RELATED MUSCULOSKELETAL DECLINE 

Our primary hypothesis that rates of cytoDNA synthesis would be higher in older animals 

characterized by a phenotype of age-related musculoskeletal decline was rejected, suggesting that 

cytoDNA synthesis does not contribute to the development of musculoskeletal decline with age. 

However, we posited that the early onset of age-related musculoskeletal decline in HGPs may be 

associated with rates of cytoDNA synthesis that are already high at 5mo. PET guinea pigs are not 

characterized by early development and marked progression of musculoskeletal decline or other 

comorbidities over this age range, making them a good comparison strain. However, our access to 

samples of TA from PET guinea pigs was limited to n=8 females (n=4, 5mo and n=4, 15mo). In our 

comparison of short cytoDNA synthesis rates between female guinea pigs, we detected 

significantly higher rates of cytoDNA synthesis in both 5mo (P= 0.0076) and 15mo female HGPs (P= 

0.0276) when compared to PETs (Figure 6). Although these findings are in a small sample size of 

females, they suggest rates of short cytoDNA synthesis are higher in the TA of animals 

characterized by age-related musculoskeletal decline beginning early in life and progressing 

relatively rapidly. However, there were no significant differences in rates of long cytoDNA synthesis 

between female PETs and HGPs (Figure 9). In addition, the lack of significant differences in 

cytoDNA synthesis rates between strains for long cytoDNA species supports our speculation that 

longer cytoDNA fragments may be more selectively targeted by mechanisms that regulate 

cytosolic DNA accumulation compared to shorter species. Further analyses of long cytoDNA with a 

larger sample size, in male guinea pigs and in other skeletal muscle should be conducted to firmly 

establish a relationship with cytoDNA and muscle aging between PETs and HGPs. Lastly, the 

finding of greater short cytoDNA synthesis rates in both ages of HGPs compared to PETs suggests 

that the 5mo HGPs may not be representative of a “young biological age”. Future study designs 
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may require an even younger chronological age comparison group to represent a young vs old 

analysis in HGPs. 

IMPLICATIONS FOR MUSCULOSKELETAL AGING 

Overall, these findings support the idea that cytoDNA synthesis is relevant in the 

musculoskeletal aging process. However, the degree to which cytoDNA drives sterile inflammation 

in skeletal muscle was not determined. Identifying the contribution of a cGAS-STING mediated 

response to cytoDNA with age is a necessary next step to firmly establish cytoDNA as a key driver 

of age-related musculoskeletal decline. Further investigation into the role of length specific 

cytoDNA species, and the activation of cGAS-STING in muscle from aging humans will provide 

clarity into how cytoDNA and sterile inflammation contribute to musculoskeletal aging. Although 

our hypotheses were not supported, the detected variability in rates of cytoDNA relative to total 

DNA synthesis may be reflective of dysregulation of cellular mechanisms responsible for 

preserving skeletal muscle health with age. While cytoDNA: total DNA synthesis could prove to be 

a novel marker of healthy cellular aging in the skeletal muscle, the relationship of cytoDNA to total 

DNA synthesis rates should be established in highly replicative tissue types susceptible to aging to 

better understand its biological relevance and validate its utility across different tissues. 

LIMITATIONS 

A primary limitation of this study is the lack of confirmation of cGAS-STING activation. 

Although cytoDNA is a known driver of this signaling pathway, without determining activation of 

cGAS-STING, no conclusions can be made regarding the influence of this inflammatory pathway on 

age-related musculoskeletal decline. Further, not being able to identify the origin source of the 

cytoDNA extracted prevents us from assessing the contribution of different cytoDNA species in 

skeletal muscle. Similarly, we did not assess the average base pair length of the DNA extracted in 
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our short and long cytoDNA pools. In addition, confirmation of the base pair length in our two pools 

of extracted cytoDNA would give useful insight into which cytoDNA species are more prevalent in 

skeletal muscle in these models, as well as into any useful modifications of this newly established 

method. Lastly, the lack of samples from male PET guinea pigs and a small sample size of female 

PETs prevents us from making concrete conclusions about the relationship of cytoDNA synthesis 

rates with HGPs. 

CONCLUSION 

This study highlights the potential role of cytoDNA synthesis in musculoskeletal aging, with 

evidence pointing toward age-dependent differences in synthesis rates and variability of cytoDNA 

synthesis relative to cell proliferation. While our findings did not fully support our initial 

hypotheses, they underscore the complexity of cytoDNA synthesis with aging in this HGP model. 

Further research is needed to better understand the mechanisms driving age related changes in 

cytoDNA synthesis, and to explore the role of cytoDNA and cGAS-STING in muscle dysfunction and 

other age-related chronic diseases associated with muscle decline. 
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