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Title of Dissertation: Altering Mechanisms of Frailty in Persons Living with HIV 

Amy K. Nelson, Doctor of Philosophy 2021 

Dissertation Directed by N. Jennifer Klinedinst, Associate Professor Organizational  

Systems and Adult Health, University of Maryland School of Nursing 

 

Background: People with HIV experience frailty more often and earlier than others.  Little 

is known about mechanisms driving early frailty in HIV. There are a lack of effective 

interventions for frailty in HIV.  This study explored the mechanisms of musculoskeletal 

frailty in people living with HIV and the influence of baseline activity after a six-week 

aerobic exercise intervention. 

Methods: A literature review developed an adapted conceptual model for musculoskeletal 

frailty in HIV for the first manuscript.  Due to COVID-19 restrictions, a secondary data 

analysis utilized the baseline activity measure (Yale Physical Activity Survey) from 11 

healthy participants who completed a six-week moderate paced walking program, aged 50 

to 65. Cellular energy production and inflammation markers were available pre- and post-

intervention.  Correlation with baseline activity was assessed using Kendall’s tau-b. 

Results:  Mechanisms of musculoskeletal frailty in people living with HIV include 

increased inflammation, dysregulated energy metabolism, immune activation, and 

endocrine alterations.  Aerobic exercise has the potential to moderate each of these.  The 

relationship between baseline activity and changes in cellular energy metabolism was not 

statistically significant. However, strong positive associations were noted between body 

mass index and change in platelet spare respiratory capacity, the ability of mitochondria to 



 
 

 

produce more energy upon demand. In examining the effect of baseline activity on 

inflammatory markers, no significant relationships were found, and no markers showed 

significant change. 

Conclusion:  Moderate walking did not make significant changes in inflammation after a 

six-week moderate paced walking intervention.  Baseline activity levels did not play a 

significant role in the change of either inflammation or cellular energy production. This 

may be because healthy participants did not have impaired levels of inflammation or 

cellular energy metabolism at baseline. This study should be repeated in people living with 

HIV who have altered inflammation or cellular energy metabolism.  
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Chapter 1. Background and Significance 
 

Background 

  Life expectancy for people living with HIV (PLWH) on antiretroviral therapy 

approaches that of the general population (Trickey et al., 2017). But PLWH are 

experiencing dysregulation of multiple systems leading to diseases, weakness, and 

functional impairments more frequently and approximately ten years earlier than HIV 

negative counterparts (Desquilbet et al., 2007; Guaraldi et al., 2017; Önen et al., 2009; 

Willig et al., 2017).  This is termed frailty and can be described as a phenotype including 

weight loss, exhaustion, weakness, slowed walking and low physical activity (Fried et al., 

2001). It has been linked to increased hospitalization, falls, expanded health care utilization 

and expense and mortality (Bock et al., 2016; Khoury et al., 2017; Manton & Gu, 2002). 

  While the prevalence of frailty within HIV has been reported from 5% to 28.6% 

(Levett et al., 2016), a study comparing more than 1000 people aged 45 and older with and 

without HIV found frailty in more than 10% in the PLWH compared to 2.7% in uninfected 

controls, and pre-frailty, a state of risk between robust and frail, in more than 50% of 

PLWH compared to 36.3% (Kooij et al., 2016).  By 2040, the number of PLWH over aged 

50 are expected to triple globally (Deeks et al., 2013; Hontelez et al., 2011). With 38 

million people living and aging with HIV worldwide (World Health Organization., 2019), 

frailty places these extended years from middle-age to end-of-life at risk for millions, 

impacting health, independent function and quality of life. 

Mechanisms driving the early development of frailty in HIV are not fully 

understood and interventions to prevent frailty are currently limited.  Potential mechanisms 

include chronic inflammation, altered energy metabolism, immune activation, and 

endocrine alterations. Despite effective therapy, chronic inflammation remains for PLWH, 
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and can be mechanistically tied to muscle fatigue and decreased contraction force (S. Leng 

et al., 2002; VanderVeen et al., 2019).   Multiple studies have questioned if aging alone 

regulates the changes in mitochondrial size, numbers of copies of mitochondrial 

deoxyribonucleic acid (mtDNA) and electron transport chain proteins seen in elderly adults 

(Arribat et al., 2019; Broskey et al., 2015; Fritzen et al., 2019; Konopka et al., 2019; Witwer 

et al., 2012).  PLWH also demonstrate more baseline immune activation despite therapy. 

Activated immune cells produce cytokines which lead to further inflammation, as well as 

disrupt the energy balance between glycolysis and oxidative phosphorylation (Billings et 

al., 2016; Fenwick et al., 2019). Endocrine disorders common in HIV such as 

hypogonadism and altered growth hormone levels influence muscular strength, energy 

levels and central adiposity and can play a role in sarcopenia and decreased bone density 

(Tamez-Rivera et al., 2014; Zaid & Greenman, 2019).  

It may also be lack of physical activity, and not aging alone that leads to frailty. 

Regular aerobic exercise has anti-inflammatory effects and improves systemic 

mitochondrial function among healthy adults (Beavers, Hsu, et al., 2010; Senchina & 

Kohut, 2007).  It also impacts insulin sensitivity and levels of adiposity (Prior et al., 2016) 

and effects changes in the gut microbiome (S. C. Campbell et al., 2016). With this in mind, 

it is important to consider baseline activity levels of adults when assessing for frailty 

mechanisms. 

Conceptual Model  

A conceptual model highlighting the mechanisms of musculoskeletal frailty was 

adapted from the literature addressing frailty risk in PLWH and the impact of aerobic 

exercise on these pathways. Mechanisms of Musculoskeletal Frailty in PLWH (Appendix 
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A) depicts the risk factors of antiretrovirals (ARV), comorbidities, psychosocial and 

environmental factors, nutrition, and biologic aging for frailty in the population of those 

living with HIV.  These factors utilize the mechanisms of chronic inflammation, 

dysregulated energy metabolism, immune activation, and endocrine alterations to impact 

musculoskeletal function.  This model is an adaptation of the conceptual framework by 

Piggott, Erlandson and Yarasheski (2016).  There is a specific focus on mechanisms 

leading to musculoskeletal effects while excluding cognitive frailty.  Additionally, the 

adapted model includes moderate aerobic exercise as a modifier with potential to decrease 

the risk of frailty in PLWH. 

While not specified in the original framework, the allostatic load theory provides a 

basis for this type of model as it allows for involvement of a complex network of 

physiologic systems with interrelated causality.  While homeostasis refers to a stable state 

with little variation (Carlson & Chamberlain, 2005), few systems utilize such tight 

regulation.  More often, the body is required to make constant adaptations in response to 

multiple stressors or new environments which can be termed allostasis.  Allostatic load was 

designated to address the physical toll these dynamic processes produce.  Repeated 

exposures to stressors have cumulative physiologic costs that may place an individual’s 

health at risk.  Additionally, chronic stressors that require long-term adaptations also exact 

physiologic costs (Seeman et al., 1997).  The following purpose and specific aims were 

developed based on this framework.  

Purpose and Specific Aims 

  The purpose of this dissertation study is to explore the mechanisms of 

musculoskeletal frailty in PLWH and the impact of baseline activity after short-term 

aerobic exercise on these pathways.  The specific aims proposed are: 
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  Aim 1. Synthesize the literature to further develop a conceptual model of the 

factors and pathways to frailty for PLWH. Hypothesis 1.1: Frailty in HIV is a result of 

the combination of cellular and molecular changes, comorbid conditions, psychosocial and 

environmental factors involving inflammatory, energy dysregulation and immune 

activation pathways. Hypothesis 1.2: Frailty would be negatively associated with physical 

activity in PLWH.   

Aim 2. Assess the impact of six weeks of walking on cellular energy metabolism 

as related to baseline activity in healthy adults aged 50-65. Hypothesis 2.1:  Platelet 

energy metabolism will be positively associated with baseline activity. Hypothesis 2.2: 

Platelet energy metabolism improvement will be correlated with lower baseline activity. 

Aim 3. Assess the effect of six-week aerobic exercise on markers of 

inflammation (Interleukin-1β [IL-1β], Interleukin-6 [IL-6], Interleukin-10 [IL-10], tumor 

necrosis factor-alpha [TNF-α] and c-reactive protein [CRP]) in healthy adults aged 50 to 

65.  Hypothesis 3.1: IL-6, TNF-α, and CRP will decrease post-intervention in those with 

lower baseline activity who could show greatest improvement, with little change in IL-1β, 

IL-10 and CRP.  

Methods 

Aim 1 is a review of mechanisms of musculoskeletal frailty in PLWH.  Search terms 

including “frailty and HIV” with “mitochondria”, “inflammation” and “immune 

activation” were reviewed in the literature from PubMed and Cumulative Index to Nursing 

and Allied Health Literature database (CINAHL). Articles were reviewed from 2001, when 

Fried’s physical frailty was defined (Fried et al., 2001), through 2021 for English articles 

describing a mechanism for frailty in PLWH.  The references of selected articles were also 
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reviewed to find additional works. Earlier articles were reviewed for basic science 

information.  Student thesis or dissertations and book chapters were excluded. Articles 

were excluded if they did not contribute to the conceptual framework or focused on a 

specific subpopulation. An adapted framework (Appendix A) of mechanisms of 

musculoskeletal frailty was created which is presented in Chapter Two.  

To accomplish aims 2 and 3, a secondary data analysis of de-identified data from 

“Bioenergetics, inflammation, and protein expression as mechanisms for variation in pain 

sensitivity after physical activity in adults with lower extremity osteoarthritis” was 

completed.  The parent study was approved by the University of Maryland Baltimore 

Institutional Review Board (IRB) as a minimal risk study, allowing the sharing of de-

identified information for any research question.  The current study was approved as an 

exempt research study by the same IRB.  As Aim 1 did not entail human subjects research, 

no IRB approvals were required. 

  Data for the parent study was collected from subject visits between June 20, 2018 

and November 6, 2019.  Subjects were screened for eligibility criteria via telephone and 

medical record review if available. Participants were recruited from the community and an 

orthopedic clinic in Baltimore as the original study focused on adults 50 to 80 with or 

without knee osteoarthritis. To meet eligibility, they had to be non-smokers, speak English 

and be able to walk for 30 minutes.  Those with conditions affecting mitochondrial function 

such as rheumatoid arthritis, gout, heart failure, chronic obstructive pulmonary disease, 

diabetes, Parkinson’s disease, Alzheimer’s disease, undergoing chemotherapy or radiation 

treatment for cancer, autoimmune disease or those taking medications affecting the 

immune system were not eligible. Participants who met eligibility criteria gave informed 
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consent prior to beginning any study procedures. The entire sample of the parent study 

(n=12) will be utilized as a single sample for this secondary analysis as knee osteoarthritis 

would not have been an exclusion criterion.     

Aim 2 utilized the above methods to explore the impact of baseline activity levels 

on changes to cellular energy production after six weeks of walking as measured by platelet 

oxygen consumption rates.  The purpose of Aim 3 was to identify the changes in 

inflammatory markers after a six-week moderate intensity walking program was 

completed, and the correlations with baseline activity. 

Measures for Aims 2 and 3 

Musculoskeletal Frailty. The operationalization of  frailty for Aim 1 relies on the 

phenotype well described in Fried et al., (2001).  Frailty is here defined as having three or 

more criteria: Unintentional weight loss of ten or more pounds in the last year; Weakness 

as noted by hand grip strength in the lowest 20% according to gender and body mass index 

(BMI); Exhaustion identified by self-report; Slowness based upon timed 15-foot walk with 

lowest quintile for each gender; and Low Activity Level based upon subject report. Pre-

frailty, a state of risk between robust and frail would be defined by having one or two of 

these characteristics.  Frailty throughout refers to musculoskeletal frailty, as a clarification 

that this measure of frailty is limited to musculoskeletal systems and does not include other 

systems such as cognition.  

Baseline Activity.  Baseline activity levels were determined for Aims 2 and 3 using the 

Yale Physical Activity Survey (YPAS), a 26-item questionnaire of minutes spent in 

physical activity over the last week (housework, caregiver, recreational activity, exercise). 

Sums of the estimated minutes and kcals expended per week of light physical activity, 
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noted as less than 3.0 metabolic equivalents for task (METS), moderate physical activity 

(3.0 to 5.9 METS), or vigorous activity of 6.0 or more METs were identified based upon 

U.S. Department of Health and Human Services Physical Activity Guidelines for 

Americans (U.S. Department of Health and Human Services, 2018). For reference, one 

MET is equivalent to the energy utilized at rest. 

Measures of Energy Metabolism.  Measures of energy metabolism were assessed for Aim 

2 using the Agilent Seahorse XF-24 Flux Analyzer.  The analysis measured oxygen 

consumption rates (OCR) of freshly isolated platelets in a 24-well plate containing 4 x 106 

platelets/µL under different conditions.  Of interest is the ability of the platelet to utilize 

oxygen to produce adenosine triphosphate (ATP), a source of cellular energy. 

Measurement from the Seahorse include the Basal oxygen consumption rate (OCR), the 

Maximal Oxygen Consumption Rate, and non-mitochondrial respiration. The Basal 

Oxygen Consumption Rate provides the energetic requirements during baseline 

conditions and is the overall oxygen consumption for ATP production by the electron 

transport chain minus any non-mitochondrial consumption.  A Maximal Oxygen 

Consumption Rate represents the oxygen consumption at maximum capacity by 

uncoupling the electron transport from ATP synthase.   Spare Capacity is a calculated 

difference between the Maximal OCR and Basal OCR.  This reserve capacity is an 

important measure of reserve, the mitochondrial ability to provide additional energy under 

increased demand. The Respiratory Control Ratio (RCR) is an indicator of overall 

mitochondrial health. It reflects the ratio of maximal mitochondrial respiration supporting 

ATP synthesis to oxygen consumption post-antimycin A when mitochondrial oxygen 

consumption is inhibited. 
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Markers of Inflammation. Frailty in PLWH is associated with low level chronic 

inflammation via CRP, IL-6 and TNF-α despite resolution of other markers after treatment 

is initiated.  Elevated inflammatory cytokines in older uninfected adults are also linked to 

frailty, increased morbidity and mortality (S. X. Leng & Margolick, 2015).  Levels of 

inflammatory markers (CRP, IL-10, IL-1A, IL-1B, IL-6 and TNF-α) were assessed from 

platelet poor plasma samples by the University of Maryland Baltimore Cytokine Core Lab.     

Aerobic Activity. Moderate intensity aerobic physical activity has been recommended by 

the US Department of Health and Human Services and the  American Heart Association 

(Haskell et al., 2007; U.S. Department of Health and Human Services, 2018) for health 

promotion and maintenance. This intensity of physical activity can be based upon maximal 

heart rate, metabolic equivalents of three-times sitting quietly (MET of 3.0), or simply by 

cadence in walking with approximately 100 steps per minute, which was utilized for the 

study from which data is being collected (Tudor-Locke et al., 2019; Tudor-Locke & Rowe, 

2012).   

Sociodemographics. Demographic variables included in the analyses were race, gender, 

age, and body mass index or BMI.  Self-reported height and weight were reported in the 

original study and used in the Centers for Disease Control and Prevention (CDC) 

calculation for BMI  (Division of Nutrition, Physical Activity, and Obesity, 2020a). 

Analysis 

Secondary data was analyzed for Aims 2 & 3, utilizing Statistical Package for the 

Social Sciences (SPSS) v27 (IBM Corp, 2021).  Descriptive analysis provided the sample 

characteristics.  Both time and kcal/week of minimal, moderate, and maximal activities 

were summed to provide totals of each.  Data were explored for normal distributions, 

means, standard deviations (SD), medians, median absolute deviation (MAD), and paired 
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subject sign test was utilized to look for significant changes between visits due to non-

normal data distributions.  For Aim Two, cellular energy OCR for Visit Two: Visit One 

were made into ratios due to the large individual value variations and small sample size, so 

a value greater than 1.0 would show an improvement. Correlations were performed using 

non-parametric Kendall’s tau-b correlation coefficient as the data had no monotonic 

relationships to allow for Spearman’s rank order coefficients. One-sided hypotheses were 

used.  For Aim Three, while a two-way repeated measures analysis of variance (ANOVA) 

would allow for use of a covariate, it also creates a problem due to the need for equal 

variance.  For this reason, a linear mixed effects model analysis was completed.  This 

approach provides an ability to address the individual variability while looking at change 

over time for each marker.  Any inflammatory marker with skew greater than two was 

transformed to allow for the linear mixed analysis.   

To assess the relationship between inflammation and baseline activity, the linear 

mixed model was utilized to understand the contribution of baseline activity on the change 

by visit to the inflammatory markers. To assess for the moderation effect of baseline 

activity on the change in inflammatory markers, again random intercepts were used, and 

the interaction term of time and baseline activity was assessed for each marker.  

Summary 

This dissertation includes three manuscripts (Chapters Two to Four). Chapter Two 

(Aim 1) describes the scoping literature review (Mechanisms of Musculoskeletal Frailty in 

People Living with HIV) completed to adapt a conceptual model identifying the 

mechanisms of frailty in PLWH.  Chapter Three (Aim 2), explores the impact of baseline 

activity as measured by YPAS for healthy adults aged 50 to 65 on energy production after 

a six-week moderate intensity walking program (The Impact of Baseline Physical Activity 
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on Energy Production Post 6 Weeks of Moderate Walking). Despite the use of a population 

not living with HIV, the exploration of the impact of baseline activity on mechanism is 

important to understand.  Chapter Four describes the impact of a six-week walking program 

on markers of inflammation (Aim 3), again in a healthy population (The Effect of Short-

Term Aerobic Exercise on Markers of Inflammation in Adults aged 50 to 65).  Chapter Five 

presents a summary and a discussion of overall results. 

 These manuscripts contribute evidence to the developing body of data on the 

potential impact of short-term aerobic exercise to disrupt the mechanisms leading to frailty.  

Few interventional aerobic activity studies have been done testing the impact on cellular 

energy metabolism in aging adult populations while addressing the baseline activity levels 

of the population.  It also contributes to an understanding of the impact of baseline activity 

to influence changes in chronic inflammation after a short-term aerobic intervention.  The 

literature review addressing the mechanisms of frailty in PLWH fills a needed void to 

present the data that is known about multiple mechanisms acting synergistically with the 

HIV infection, and also lays out the potential for aerobic exercise to impact each of these 

pathways.  This research may contribute to larger projects addressing the ability of a simple 

walking program to prevent frailty in aging populations who are at risk. 

 Globally through 2020 and 2021, we have been experiencing the coronavirus 

disease-19 (COVID-19) pandemic.  With this, the originally planned research for this 

dissertation could not be completed as initially proposed.  The intention was to conduct a 

pilot study in PLWH to assess changes post-walking intervention in cellular energy 

production and inflammatory markers.  With limited personnel allowed in the laboratory 

to meet physical distancing protection requirements, this project could no longer be 
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undertaken.  The dissertation proposal was adapted to utilize secondary data from persons 

of a similar age who did not have HIV to assess the impact of baseline activity measures 

in their post-intervention energy and inflammatory outcomes.  These changes were 

reviewed and approved by the dissertation committee with understanding of the restrictions 

on the original planned research due to COVID-19. 
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Chapter 2 
Abstract 

People over age 50 living with HIV experience frailty including functional declines and 

illnesses usually attributed to aging, more frequently and ten years earlier than people 

without HIV.  As the number of people living with HIV over age 50 is expected to triple 

by the year 2040, those experiencing early frailty will continue to grow. This review 

synthesizes the known correlates and contributors to musculoskeletal frailty in people 

living with HIV. A conceptual model of musculoskeletal frailty in HIV that outlines 

chronic inflammation, altered energy metabolism, immune activation, and endocrine 

alterations as mechanisms associated with frailty development is presented.  Additionally, 

the potential ability of aerobic exercise to modify the risk of frailty is highlighted as an 

important intervention. 

Keywords:  mitochondria, inflammation, immune activation, endocrine alterations, 

aerobic exercise 
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Chapter 2. Mechanisms of Musculoskeletal Frailty for People Living 
with HIV1 

 

Introduction 

Globally, more than 70% of people living with HIV (PLWH) will be at least aged 

50 by 2030 (Smit et al., 2015).  The lifespan for PLWH approaches that of the general 

population with current antiretroviral therapy (Trickey et al., 2017).  Yet physical frailty, 

defined as an increased vulnerability to stressors, produced by a lack of reserve capacity 

across multiple physiologic systems (Walston et al., 2017), places these extended years 

from middle-age to end-of-life at risk, impacting health, independent function and quality 

of life. Up to 28% of PLWH over age 50 will experience physical frailty (Levett et al., 

2016). It occurs more frequently and often a decade earlier in PLWH than in age-matched 

HIV negative counterparts (Boffelli & Martin, 2012; Desquilbet et al., 2007; Önen et al., 

2009).  Frailty in PLWH is associated with increased rates of hospitalization, longer 

hospital stays (Önen et al., 2009; Wallace et al., 2017), low bone mineral density, falls, 

more prevalent diabetes and cardiovascular disease (Kelly et al., 2019), worsened cognition 

(Wallace et al., 2017) and decreased time to death (Piggott et al., 2013). 

Frailty is characterized by: 1) weight loss 2) low physical activity 3) self-reported 

exhaustion 4) slow walking speed and 5) weak grip strength (Fried et al., 2001).  Frailty is 

identified when three or more of these criteria are present, and pre-frailty, or frailty risk, 

with two.  Frailty was first described in older adults, and the cause is thought to be 

multifactorial.  For example, sarcopenia, increased systemic inflammation, and higher 

levels of oxidative stress are found in frail elderly adults (Ershler, 2007). Less is known 

 
1 Nelson, A.K., Fiskum, G., Renn, C., Zhu, S., Kottilil, S. & Klinedinst, N.J. (in press). Mechanisms of 

Musculoskeletal Frailty for People Living with HIV. Journal of Frailty and Aging. 
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about mechanisms driving early frailty in PLWH. While easily understandable within the 

context of AIDS when multisystem dysregulation and vulnerabilities occur, it is much less 

clear why physical frailty would occur in middle-aged adults on antiretrovirals with well-

controlled HIV infection.   

Frailty has been found to be modifiable with exercise in the elderly (Cesari et al., 

2015), yet there are no standard interventions beyond increasing physical activity.  For 

PLWH, exercise interventions are being trialed.  Yet exercise programs vary by frequency, 

intensity, time, and type producing widely varied results. For younger PLWH who could 

benefit from early intervention to prevent onset of frailty, even less is known about 

effective interventions. The purpose of this review is to synthesize the literature and 

develop a model of contributing mechanisms involved in the development of 

musculoskeletal frailty in those with HIV while exploring the potential for aerobic activity 

to act as a modifier, decreasing risk of frailty. While frailty can be viewed broadly as poor 

functioning in physical, cognitive, emotional, sensory or social functioning (Guralnik & 

Simonsick, 1993), this review will focus on the physical aspects of frailty related to 

musculoskeletal function.  The goal is to highlight mechanistic pathways to 

musculoskeletal frailty and to identify whether exercise interventions may be important for 

altering these mechanisms producing frailty in middle-aged adults living with HIV.   With 

more than 300,000 adults over 55 living with HIV currently in the United States (Linley et 

al., 2019), there is a tremendous unmet need.  

Methods 

This literature review was guided by the model of frailty provided by Piggott, 

Erlandson and Yarasheski (2016).  In their work, frailty occurs as a result of factors 

influencing its development: HIV infection and antiretrovirals, comorbidities, psychosocial 
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and environmental factors, and biologic aging.  Each can lead to alterations in the 

mechanistic pathways of altered energy metabolism, inflammation, and immune system 

activation, neuroendocrine function, and renin/angiotensin system.  While the factors 

discussed can impact frailty in an aging population, HIV brings additional confounding 

elements not seen in healthy populations. 

  Searching the literature in PubMed and CINAHL, search terms were used including 

“frailty and HIV” with “mitochondria”, “inflammation” and “immune activation”.  Articles 

were reviewed from 2001, when Fried’s physical frailty was defined (Fried et al., 2001), 

through 2021 for English articles describing a mechanism for frailty in PLWH (Figure 1). 

The references of selected articles were also reviewed to find additional works. Earlier 

articles were reviewed for basic science information.  Student thesis or dissertations and 

book chapters were excluded. Articles were excluded if they did not contribute to the 

conceptual framework or focused on a specific subpopulation.  
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Mechanistic Pathways to Frailty in PLWH 

Chronic Inflammation  

Ongoing activation of the immune system by HIV produces chronic levels of 

inflammation (Nasi et al., 2017). Although antiretroviral agents suppress HIV viral load, 

only partial resolution of inflammation occurs with cytokines interleukin-10 (IL-10), IL-2 

and interferon-gamma (IFN-γ) reducing and becoming comparable to healthy controls 

(Wada et al., 2015).  However, elevations of tumor necrosis factor alpha (TNF-α), C-

reactive protein (CRP), IL-6 and others remain elevated despite long-term viral 

suppression, suggesting ongoing monocyte/macrophage activation (Regidor et al., 2011; 

Wada et al., 2015). These elevated cytokines are linked to frailty, increased morbidity and 

mortality in older uninfected adults (S. X. Leng & Margolick, 2015).  

Inflammation can also be elicited by injured mitochondria. Free mitochondrial DNA 

(mtDNA) is recognized by pattern recognition receptors triggering multiple inflammatory 

pathways. Toll-like receptor 9 (TLR9) recognizes the unmethylated CpG dinucleotides in 

mtDNA usually found in bacterial microbes, triggering downstream production of 

proinflammatory cytokines TNF- α and IL-6  (Grazioli & Pugin, 2018).  Within 

intracellular spaces, the inflammasome recognizes mtDNA triggering production of IL-1β 

and IL-18. Additionally, cytosolic mtDNA can illicit production of type-I interferons via 

cyclic GMP-AMP synthase-stimulator of interferon genes (cGAS-STING) pathways 

(Grazioli & Pugin, 2018). 

Both chronic TNF-α and IL-6 elevations have direct effects on skeletal muscle 

function.  TNF-α has been shown to decrease the force of muscle contractions, much like 

the impact of excessive reactive oxygen species (ROS) (Reid et al., 2002).  Sustained IL-6 
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elevations of just two weeks in mouse models have been found to induce muscle fatigue 

and decrease the content of mitochondrial complexes of the electron transport chain 

required for oxidative phosphorylation (VanderVeen et al., 2019).  IL-6 elevations can also 

affect hematopoiesis, which may impact fatigue (S. Leng et al., 2002).  Decreased 

contraction force and fatigue from inflammation can easily be seen to impact frailty. Mouse 

models with decreased anti-inflammatory cytokines with IL-10 knockouts develop 

weakness, inflammation, increased ROS and are used as models of human frailty (Akki et 

al., 2014). 

Altered Energy Metabolism  

Mitochondria are damaged by the HIV virus, reducing membrane potential, 

decreasing the size and number of mitochondria and increasing apoptosis (Rodríguez-Mora 

et al., 2015; Rozzi et al., 2018; Villeneuve et al., 2016). Damaged mitochondria result in 

excessive ROS production (Hood et al., 2019) and decrease energy metabolism as 

membrane potential is required to drive adenosine triphosphate (ATP) production.  

Increased ROS can decrease muscle contraction force (Hood, 2001), cause mtDNA loss 

leading to type II muscle loss (Wanagat et al., 2001) and in turn promote inflammatory 

responses associated with frailty (Inglés et al., 2014a). 

All these effects make oxidative phosphorylation, generally the most efficient 

process for ATP production, inefficient.  Dysregulation of the oxidative phosphorylation 

energy pathway can impact gait speed (Sun et al., 2018; Tyrrell, Bharadwaj, Van Horn, 

Kritchevsky, et al., 2015), muscle weakness (Akki et al., 2014; C. M. Peterson et al., 2012), 

activity levels (Toledo et al., 2018), fatigue (Lavorato et al., 2018) and potentially lead to 

changes in weight (Tyrrell, Bharadwaj, Van Horn, Marsh, et al., 2015).  These are all 



 
 

19 

measures of a physical frailty phenotype.  Genomic mouse models producing excessive 

ROS similar to mitochondrial dysfunction display frailty effects.  The Copper/Zinc 

Superoxide Dismutase Knockout (Sod1KO) that lack the enzyme superoxide dismutase in 

the cytosol to catalyze superoxides to hydrogen peroxide display four of the five frailty 

criteria (Deepa et al., 2017).  

Immune Activation 

Microbial translocation occurs when the epithelial lining of the digestive tract is 

damaged from HIV infection. As the lining of the digestive tract becomes more permeable 

and immune surveillance decreases, microbes and bacterial metabolites can more easily 

cross into the blood stream, and be detected by pattern recognition receptors, activating the 

innate immune system and leading to further dysregulation and production of pro-

inflammatory cytokines (Piggott & Tuddenham, 2020). An abnormal gut microbiome can 

also result in release of bacterial toxins that adversely affect neuromuscular activities 

(Dempsey et al., 2019).  In addition, HIV infected individuals have selective depletion of 

gut-associated mucosal tissue CD4+ T cells and IL-17 producing T cells.  As CD4+ T cells 

are required for effective immunoglobin (Ig) isotype switching, this results in excessive 

IgM secretions promoting inflammation, while IgG and IgA responses are decreased 

allowing further enhancement of microbial translocation (Hel et al., 2017).  Decreased IL-

17 production impacts immune protection of the gut epithelium, furthering gut dysbiosis 

(Tincati et al., 2016).  

Despite effective therapy, the CD4+ and CD8+ cells of PLWH display increased 

markers of immune activation (HLA-DR, CD38) and proliferation (Ki67) (Paiardini & 

Müller-Trutwin, 2013).  Studies identify factors such as loss of CD28 expression (Li et al., 
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2011; Lu et al., 2016), increased neopterin, a marker of macrophage activation by 

interferon-gamma (IFN-γ) (Li et al., 2011), monocyte expression of CD16+, increased 

CD8:CD4 ratios (De Fanis et al., 2008), higher expression of CCR5+ in CD8 cells (De 

Fanis et al., 2008)  and increased CD38+ B cells (Lu et al., 2016).  Increased 

monocyte/macrophage activation (sCD163) has also been shown in HIV to be associated 

with arterial inflammation (Fitch et al., 2016), with noncalcified coronary plaques (Fitch 

et al., 2013), and insulin resistance (Shikuma et al., 2014).  

However, identifying the major mechanisms linking immune activation in HIV with 

frailty will require completion of longitudinal studies, especially as PLWH have different 

immune activation patterns and more baseline activation than those non-infected, 

regardless of frailty. For this reason, it is not enough to simply compare levels of immune 

activation between PLWH and uninfected controls. Immune activation in HIV leads to 

cytokine production, which in turn contributes to inflammation.  Additionally, as immune 

cells become activated they drive toward glycolysis (Fenwick et al., 2019). This shift 

reduces overall energy production as oxidative phosphorylation is nineteen times more 

efficient at producing ATP (Delmastro-Greenwood & Piganelli, 2013) though glycolysis 

allows activated cells to utilize energy up to one hundred times faster (Pfeiffer et al., 2001).  

Generally, the adaptive immune system must fluctuate between these processes from naïve, 

to activated, then to apoptosis or memory cells. The innate immune system relies more 

heavily on glycolysis.  Chronic immune activation, as is seen in HIV can then be seen to 

disrupt the delicate balance and unfavorably alter overall energy metabolism. 

  



 
 

21 

Endocrine Alterations 

PLWH have been noted to experience a number of endocrine alterations, some 

directly affected by HIV itself, others from changes in body composition as a result of HIV.  

It is well known that testosterone is often decreased, with approximately 20% of men living 

with HIV experiencing secondary hypogonadism (Tamez-Rivera et al., 2014). Along with 

expected symptoms, hypogonadism leads to decreased muscular strength, energy levels, 

bone mineral density and can lead to normocytic anemia, further accentuating frailty 

symptoms (Tamez-Rivera et al., 2014).  Growth hormone levels are affected by changes in 

body composition (Zaid & Greenman, 2019) and correlate inversely with central adiposity 

commonly seen in PLWH.  Lipodystrophy found in PLWH has been associated with both 

low growth hormone and Insulin-like growth factor 1 (IGF-1), which are important 

regulators of both sarcopenia and decreased bone mineral density (Tamez-Rivera et al., 

2014), and IGF-1 is being utilized as a biomarker for frailty (Chew et al., 2019).   

Risk Factors Related to Musculoskeletal Frailty 

 The factors below are all associated with risk of frailty and relate to the alterations 

in inflammation, energy metabolism, immune activation, and endocrine pathways to 

musculoskeletal frailty. 

Antiretroviral Therapy 

Antiretroviral therapy (ART) can induce mitochondrial toxicity (Brinkman et al., 

1999; Røge et al., 2002).  Recently it has been found that while ART can help to restore 

immune system energy metabolism, CD4+ T cells continue to have decreased respiration.  

This was notably worse when integrase strand transfer inhibitors (INSTI) were used, with 
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ongoing CD4+ cell impairment of cellular respiration and function (Korencak et al., 2019) 

impacting ATP production. 

The long-used class of nucleoside-analogue reverse transcriptase inhibitors 

(NRTI’s) inhibit mitochondrial DNA (mtDNA) polymerase-γ involved in mtDNA 

replication and repair (Smith et al., 2017). This mitochondrial damage can lead to increased 

ROS and decreased ATP production (Kohler & Lewis, 2007). Additionally, ART has been 

associated with glucose metabolism disorders.  A study of adult PLWH on ART compared 

to treatment naïve PLWH and uninfected controls found rates of glucose metabolism 

disorders six-times higher in those on ART than uninfected controls who had similar rates 

to PLWH naïve to therapy (Maganga et al., 2015).  

Bone density has been shown to decrease by 3-6% once ART commences, 

particularly with nucleoside analogues and protease inhibitors (T. T. Brown & Qaqish, 

2007).  Direct effects of HIV proteins Tag and Nef also lead to decreased bone formation 

by impacting stem cell precursors for osteoblasts (Zaid & Greenman, 2019). The delicate 

balance of bone growth and resorption is altered, favoring bone resorption for PLWH  (Zaid 

& Greenman, 2019). Additionally, protease boosted ART regimens have been implicated 

in bone fracture (Tamez-Rivera et al., 2014).  

Comorbidities  

People with HIV also live with comorbid conditions that impact frailty. For example, 

2% of PLWH have chronic hepatitis B (Marinos et al., 1995), 6.7% have active hepatitis C 

(HCV) (Gonzalez et al., 2009), and almost all have cytomegalovirus (Margolick et al., 

2018). Each of these conditions are known to increase immune activation (Cheng et al., 

2012).  Diabetes and insulin resistance are proinflammatory and reduce mitochondrial 
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energy production (Takemoto et al., 2017) and are more common in PLWH than uninfected 

adults (Yang et al., 2019). Moreover, chronic kidney disease, peripheral arterial disease, 

rheumatoid arthritis, cardiovascular disease, pulmonary disease and anemia also increase 

inflammation and immune activation (Chang et al., 2012). Unfortunately, these 

comorbidities are more prevalent in PLWH and may play a role in the early development 

of frailty. 

  Pain has been associated with frailty (Petit et al., 2018) in PLWH and may be an 

important covariate.  It is estimated that between 25% to 90% of PLWH also have chronic 

pain, mainly in the joints, head, legs and back (Addis et al., 2020). Chronic pain often leads 

to decreases in physical function as people adopt a sedentary lifestyle to cope with the pain. 

It is likely that as pain decreases physical function, frailty risks increase, particularly the 

risks of sarcopenia and muscle weakness (Merlin et al., 2013).  Recent work has identified 

the role of mitochondrial damage and endoplasmic reticulum calcium dysregulation 

producing nociceptor sensitization and chronic pain (Yousuf et al., 2020).  The 

bidirectional interactions between inflammation and the immune system in pain sensitivity 

also explain crossover with frailty risk.  Cytokines IL-1ß, IL-6, TNF-α and others can act 

directly on nociceptors to produce pain, and immune cells such as macrophages and 

neutrophils can be recruited to sites of inflammation, producing more of these cytokines 

(Pinho-Ribeiro et al., 2017).   

Finally, polypharmacy has been strongly associated with development of frailty, 

though causality is not yet well defined (Gutiérrez-Valencia et al., 2018).  With varied 

definitions of polypharmacy ranging from four to more than ten daily medications, and 
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mainly cross-sectional study designs, more research is needed to explore the positive 

correlation of polypharmacy with frailty in PLWH.   

Psychosocial and Environmental Factors 

Cognitive and mental health may have overlapping development pathways with frailty 

in terms of neuroinflammation, nutritional status, and oxidative stress (Dominguez & 

Barbagallo, 2017).  Depression appears to have a bidirectional relationship with frailty, 

with approximately 40% of those with depression experiencing frailty, and the same 

proportion of those with frailty experiencing depression in a recent meta-analysis (Soysal 

et al., 2017). Additionally, stressors such as low socioeconomic status and less than twelve 

years of education have been shown to increase stress and the relative odds of frailty by 

2.7 and 3.5 respectively in uninfected older adults (Szanton et al., 2010).  Smoking and 

substance abuse are also contributors in the development of frailty increasing inflammation 

and oxidative stress (Womack & Justice, 2020).  Moderate to severe alcohol ingestion has 

been shown to increase immune activation and inflammation (Monnig et al., 2019), thus 

contributing to frailty.  PLWH have been found to experience increased rates of depression, 

smoking, substance abuse, depression and socioeconomic stressors (Chander et al., 2006; 

Ikeda et al., 2016; Mdodo et al., 2015; Ownby, 2010) increasing frailty risks. 

Nutrition  

Nutrition, or more specifically the lack of proteins and essential nutrients can be 

associated with weight loss, muscle loss, and frailty. Sufficient intake of protein and 

micronutrients are required to avoid anemia and to preserve muscle mass (Dominguez & 

Barbagallo, 2017; Perna et al., 2020). However, if excessive calories are consumed, or 

activity is insufficient, central adiposity can occur which is also related to frailty (Hawkins 
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et al., 2018).  Adipose tissue releases pro-inflammatory adipokines such as TNF-α, IL-6 

and CRP causing low grade chronic inflammation and risk of numerous diseases (Gleeson 

et al., 2011).  Saturated fatty acids in foods also lead to increases in pro-inflammatory 

cytokines (Perna et al., 2020).  These pro-inflammatory molecules are also associated with 

frailty, both in healthy older adults and in PLWH of younger ages (Cheng et al., 2012; P. 

Van Epps et al., 2016). 

Biologic Aging   

 Biologic aging is significant in the role of HIV for frailty risk.  Part of normal aging 

is the loss of telomeres with cell proliferation.  A study of PLWH aged 45 and above found 

shorter telomeres on immune cells in PLWH, despite long-term viral suppression, than in 

uninfected subjects.  This was associated with greater CD4+ activation and monocyte 

activation markers sCD14 and sCD163 (Jimenez et al., 2016).  This relationship with 

immune activation may be important, though telomere length has had varying associations 

with frailty (Araújo Carvalho et al., 2019).  Age by measure of DNA methylation has also 

been able to show increased epigenetic age by approximately 14 years in PLWH aged 20 

to 56 in brain and blood tissue compared to controls (Horvath & Levine, 2015; Rickabaugh 

et al., 2015).  Another recent study of people coinfected with HIV and HCV found that the 

HIV is driving epigenetic aging not seen in people with HCV alone (Gindin et al., 2020). 

These emerging fields may help to verify mechanisms of early frailty as more research is 

completed.   

Aerobic Activity as a Potential Moderator of Musculoskeletal Frailty in PLWH 

The Health, Aging, and Body Composition study followed nearly 3000 healthy adult 

subjects 70 to 79 years old over five years assessing frailty and physical activity.  It found 
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that those who exercised were less likely to develop frailty (OR=1.45), and three-times less 

likely to progress from moderate to severe frailty (M. J. Peterson et al., 2009), 

demonstrating the importance of physical activity to modify frailty risks.  Less is known 

about the ability of aerobic exercise to decrease immune activation in PLWH, with mixed 

results to date (Bonato et al., 2017; Ceccarelli et al., 2020). However, aerobic activity is an 

intervention that is known to influence the physiologic mechanisms of frailty in HIV.   

Exercise and Chronic Inflammation 

Multiple studies have shown that exercise can reduce inflammatory markers such as 

IL-6, TNF-α, and CRP (Bonato et al., 2017; Montoya et al., 2019; Wirth et al., 2015).  

Healthy but inactive older adults have been found to have a greater percentage (13.3 +/- 

2.8% vs. 7.5 +/- 2.1%) of inflammatory monocytes (CD14+CD16+) than physically active 

matched controls (Timmerman et al., 2008).  When these physically active and inactive 

adults aged 65 to 80 were assessed after the inactive group completed twelve weeks of 

walking and resistance exercise, the inflammatory monocyte percentages became 

comparable (PA: 6.47 +/- 0.8% vs. PI: 4.75 +/- 0.5%) (Timmerman et al., 2008) and was 

found to significantly correlate with TNF-α but not BMI.  While this study showed no 

impact on CRP, other large cohorts have found an impact on CRP including the British 

Regional Heart study (Parsons et al., 2017), the Third National Health and Nutrition 

Examination Survey (NHANESIII) (Beavers, Brinkley, et al., 2010),  the Cardiovascular 

Health study (CHS) (Burke et al., 2001), and the Health ABC study (Hsu et al., 2009).  In 

a study of independent seniors, those most active were found to have the lowest levels of 

IL-6 and TNF-α (Reuben et al., 2003).  Additionally, a meta-analysis of exercise 

interventions in PLWH with mean age of 42 showed reduced IL-6 by 2.4 ng/dl (95% CI: -
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2.6 to -2.1, p< 0.001) in the adults who exercised compared to those who did not (Hsu et 

al., 2009).  Yet another meta-analysis of exercise interventions of at least four-week 

duration in PLWH showed no benefit in reducing inflammatory markers (Ibeneme et al., 

2019).  A meta-analysis conducted by Zech (2019) included just two studies both with 

control groups that did not exercise.  The interventions lasted six to twelve weeks, and both 

studies noted favorable changes in body composition.   The Ibeneme analysis (2019), 

included both randomized controlled trials and case control studies, but had no 

specifications on type or intensity of the exercise intervention.  

Exercise and Altered Energy Metabolism 

Regular aerobic activity has anti-inflammatory effects and improves systemic 

mitochondrial energy production in uninfected adults (Gleeson et al., 2011; Hood, 2001; 

Kohut et al., 2006). A program of twelve weeks of aerobic exercise in a small number of 

older adults showed increased mitochondrial content of 50% with significant increases in 

both mtDNA copy numbers and electron transport chain activity (Menshikova et al., 2006).  

In elderly adults, an intervention of 16 weeks aerobic exercise showed increased 

mitochondrial biogenesis and upregulation of the genes which regulate the process 

(Broskey et al., 2014).   

It has also been shown that energy metabolism efficiency correlates with activity 

levels, and not just chronologic age.  In younger PLWH, one study testing twelve weeks 

of aerobic exercise in seven subjects, ages 36 to 58, reported a 5.65-fold increase in 

mitochondrial spare respiratory capacity in peripheral blood mononuclear cells (PBMCs) 

(Shikuma et al., 2017). Spare respiratory capacity represents the difference between the 

basal respiratory capacity and maximal respiratory capacity of mitochondria, the ability to 
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respond to increased cellular energy requirements. This indicates that exercise is useful for 

increasing cellular spare respiratory capacity.  Additional studies are needed to confirm 

these potentially important findings.  

Exercise and Immune Activation 
 
While a single episode of intense exercise was once considered immunosuppressive, 

evidence now reported from athletes dispels the notion that this may result in more frequent 

infections. Additionally, the transient increase and decline of PBMCs post-exertion once 

thought to signify immunosuppression is now regarded as a form of enhanced immune 

surveillance as cells are redistributed to peripheral tissues after exercise (J. P. Campbell & 

Turner, 2018).  It is important to focus studies on the immune compartments being affected, 

along with their function outside of the bloodstream to gain a more complete picture of the 

effects of acute exercise.  For example, response to vaccine can be improved with a single 

episode of aerobic activity (Pascoe et al., 2014).  Exercise in mice has been shown to 

increase microbial diversity in the gut microbiome, potentially impacting immune 

activation (S. C. Campbell et al., 2016). 

Comparisons of study findings remain challenging for longer-term aerobic exercise 

interventions. Impact on immune activation vary widely by study.  However, a small study 

was conducted in sedentary PLWH with a mean age of 48, testing 60 minutes of brisk 

walking with or without strength training three times weekly over twelve weeks.  They 

found reduced CD8+/CD38+/HLA-DR+ activated T-cells in both groups, along with 

improved inflammatory markers only in the walking group (Bonato et al., 2017).  This 

suggests that sedentary PLWH may provide an initial population in which to test short-

term aerobic exercise interventions. 
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Exercise and Endocrine Alterations 

Chronic aerobic exercise is known to have potential impact on BMI and affects 

insulin sensitivity which can be altered by innate immune system activity and ongoing 

inflammation (Prior et al., 2014).  Insulin plays a role in T cell activation growth and 

function due to the presence of an insulin receptor on activated T cells, producing an anti-

inflammatory type response (Helderman, 1981). Additionally, even acute exercise has been 

shown to improve testosterone levels in PLWH (Melo et al., 2019).   

Certainly, if excess visceral fat is lost as a result of aerobic activity, there are 

benefits.  Adipocytes release inflammatory adipokines such as IL-1, IL-6, IFN-γ and TNF-

α and also promote trafficking of both monocytes and lymphocytes into the adipose tissue 

(Delmastro-Greenwood & Piganelli, 2013). These deleterious effects can be compounded 

with HIV triggered immune activation, and lead to both inflammation and muscle loss 

(Bonato et al., 2020). Not all clinical trial exercise interventions produce changes in total 

body fat or BMI within the short time frames of study.  However, this assists in 

understanding if intervention mechanisms correlate with change in BMI. 

Discussion 

Middle-aged PLWH are at serious risk of developing frailty. Based on this review, 

a conceptual model of frailty in HIV has been developed that builds on the work by Piggott, 

Erlandson & Yarasheski (2016). The low-level chronic inflammation, mitochondrial 

dysfunction, immune system activation and endocrine dysregulation act as pathways for 

frailty development (Figure 2).  These changes impact energy levels and muscle strength 

associated with frailty criteria.  Multiple risk factors act through these pathways such as 
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ART drug class, other inflammatory conditions, pain, nutritional deficits or central 

adiposity, coinfections and even the HIV virus itself. 

 

Figure 2  

Conceptual Model of Mechanisms of Musculoskeletal Frailty in PLWH 

 

 

Note. Conceptual model of mechanisms and risk factors for musculoskeletal frailty in 
PLWH with aerobic activity as a potential modifier of these mechanisms, lessening 
effect, adapted from Piggott, Erlandson & Yarasheski (2016).  

 

Unfortunately, there are no standard interventions for those at risk.  While multiple 

activity interventions are being trialed in PLWH, fewer are targeting middle-aged adults 

who might see greatest benefit from aerobic activity.  As exercise intervention study design 

is highly variable, and as the populations targeted also vary, it becomes important to 

understand the mechanisms being impacted.  We propose that interventional studies collect 

data on inflammatory markers, mitochondrial energy production and immune activation in 

order to better understand the mechanistic impact of exercise on musculoskeletal frailty in 

HIV.  Aerobic exercise during mid-life will likely be important to prevent or delay early 
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frailty and lessen the effects of mitochondrial dysfunction, inflammation, immune 

dysfunction, and endocrine alterations in this at-risk population.   

Conclusion 

Middle-aged PLWH are at serious risk of developing frailty. Based on this review, 

a conceptual model of frailty in HIV has been developed that builds on the work by Piggott, 

Erlandson & Yarasheski (2016). The low-level chronic inflammation, mitochondrial 

dysfunction, immune system activation and endocrine dysregulation act as pathways for 

frailty development (Figure 2).  These changes impact energy levels and muscle strength 

associated with frailty criteria.  Multiple risk factors act through these pathways such as 

ART drug class, other inflammatory conditions, pain, nutritional deficits or central 

adiposity, coinfections and even the HIV virus itself. 
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Chapter Three 
Abstract 

Aging is associated with mitochondrial damage and dysfunction. For adults with physical 

frailty, a dysregulation of systems required for successful adaptation to stressors, 

abnormalities occur in both production and utilization of cellular energy provided by 

mitochondria. Moderate to vigorous exercise can modify these mitochondrial changes. 

However, most older adults are sedentary and uptake in vigorous exercise is very low, 

especially among those who are overweight or obese. There is evidence that reducing 

sedentary activity, particularly with walking among older adults has health benefits, but 

the mechanism by which this occurs is unclear. We hypothesized that adults with lower 

levels of baseline activity would have mitochondrial function improvements after a 

moderate intensity walking routine of 30 minutes, three days per week for six weeks. We 

conducted secondary data analysis from eleven adults aged fifty to sixty-five to assess the 

relationship between baseline activity levels and ratios of pre and post-intervention cellular 

energy metabolism.  

Baseline activity was assessed via Yale Physical Activity Survey measures of 

kilocalories per week.  Cellular energy metabolism was assessed via oxygen consumption 

rate of platelets under varying conditions with the Agilent Seahorse analyzer. Kendall’s 

tau-b correlation coefficient was used to test correlations with baseline activity levels. We 

hypothesized that those with lower baseline activity would demonstrate the most 

improvement in cellular energy production post-intervention, however there were no 

significant correlations. This could well be attributed to the portion of total activity levels 

of minimal intensity not expected to affect mitochondrial change.  Larger samples would 

allow for correlations with only moderate or vigorous intensity activities.  BMI was found 
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to be positively correlated with spare respiratory capacity ratio changes which warrants 

further exploration to determine the effect of short-term aerobic exercise interventions on 

energy production, and potential decreases to frailty risk. 

Keywords:  bioenergetics, aerobic exercise, walking, older adults, oxidative 

phosphorylation 
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Chapter 3. Impact of Six-Week Aerobic Exercise on 
Mitochondrial Energy Production2 

 

Introduction 

As we age, multiple changes impacting mitochondria are observed.  These include 

decreasing numbers of mitochondria, decreased activity of the electron transport chain 

complexes used to produce energy by oxidative phosphorylation (Ashar et al., 2015), 

decreased respiratory capacity of mitochondria within skeletal muscle (Desler et al., 2012) 

and increased production of reactive oxygen species (Inglés et al., 2014b).  Dysregulation 

of energy production can impact walking speed, endurance, muscle mass and strength and 

decrease overall physical activity – all measures of a physical frailty phenotype (Fried et 

al., 2001).  

Physical frailty is commonly understood to be an increased vulnerability to 

stressors, produced by lack of reserve capacity across multiple physiologic systems (Fried 

et al., 2001). It has been linked to increased hospitalization, falls and mortality with 

expanded health care utilization and expense (Bock et al., 2016; Khoury et al., 2017; 

Manton & Gu, 2002).  However, frailty has been found to be modifiable with exercise (M. 

Brown et al., 2000; Cesari et al., 2015). The Health, Aging, and Body Composition study 

followed nearly 3000 healthy subjects over seventy years old assessing frailty and physical 

activity.  It found that those who exercised were less likely to develop frailty (OR=1.45), 

and three-times less likely to progress from moderate to severe frailty (M. J. Peterson et 

al., 2009), demonstrating the importance of physical activity in modifying frailty risks. 

 
2 Nelson, A.K. (2021). Impact of Six-Week Aerobic Exercise on Mitochondrial Energy Production. 

Manuscript in preparation. 
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Adults of all ages are recommended to complete 150 to 300 minutes of moderate 

to vigorous activity each week, unless chronic conditions prevent them from doing so (U.S. 

Department of Health and Human Services, 2018). Yet more than a quarter of adults age 

fifty and over are inactive (Division of Nutrition, Physical Activity, and Obesity, 2020b). 

Multiple studies have questioned if aging alone regulates the changes in mitochondrial size, 

mitochondrial DNA (mtDNA) levels and electron transport chain proteins seen in elderly 

adults (Arribat et al., 2019; Broskey et al., 2015; Fritzen et al., 2019; Konopka et al., 2019; 

Witwer et al., 2012). Strikingly,  elite cyclists with mean age of 65 have shown none of 

these “age related” effects (Joanisse et al., 2020), emphasizing the role of physical activity 

as a potential modifier for these mechanisms.  A twelve week aerobic exercise program in 

older adults showed increased mitochondrial content of 50% with significant increases in 

both mtDNA copy numbers and electron transport chain activity as determined by high-

performance liquid chromatography from muscle biopsy samples (Menshikova et al., 

2006).  A study in elderly adults of 16 weeks aerobic exercise showed increased 

mitochondrial biogenesis and upregulation of the genes which regulate the process 

(Broskey et al., 2014).  Therefore, it may be lack of physical activity, and not aging alone 

leading to decreased cellular oxidative capacity. 

Walking can be a moderate intensity activity when based upon a cadence of 

approximately 100 steps per minute (Tudor-Locke et al., 2019; Tudor-Locke & Rowe, 

2012).  Six weeks has been shown to be the minimal timeframe in which mitochondrial 

changes are observed with physical activity (Hoppeler et al., 1985).  Therefore, we 

hypothesized that a six-week, walking intervention in adults aged 50-65 may increase 
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cellular energy production, especially in those with low baseline activity levels who could 

show greatest improvements.   

Methods 

Design and Intervention 

This secondary data analysis utilized findings from a study comparing participants 

with knee osteoarthritis to healthy participants and the impact of exercise on measures of 

pain.  The parent study was a pre-post quasi-experimental study, where all participants 

completed two study visits. At the first visit they completed questionnaires, quantitative 

sensory testing (QST), had blood samples collected, then walked on a treadmill for 30 

minutes at a pace of 100 steps per minute. Then QST, questionnaires and sample collection 

were repeated. Between visits, each participant walked with a study interventionist to 

ensure fidelity to the intervention at a moderate intensity of 100 steps per minute for 30 

minutes three-times weekly for six weeks.  Participants completed a second study visit with 

the same visit protocol within two weeks of completion of the walking intervention.  This 

secondary data analysis uses the cellular energy metabolism results from samples collected 

at the baseline visit prior to the treadmill walk and the Visit Two pre-treadmill walk. 

Eligibility and Sample  
 
The parent study protocol was approved by the University of Maryland, Baltimore 

Institutional Review Board (IRB).  Consent was obtained from all participating subjects.  

Participants were between the ages of 50 and 65, non-smokers without diabetes or 

conditions known to affect mitochondrial function including rheumatoid arthritis, gout, 

heart failure, chronic obstructive pulmonary disease, chronic kidney disease, diabetes, 

Parkinson’s disease, Alzheimer’s disease, sleep apnea or autoimmune diseases. Twelve 

subjects were enrolled, six subjects had osteoarthritis and six were healthy controls.  One 
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participant was lost to follow up prior to visit two, leaving complete data on eleven 

participants.  The secondary analysis study was also submitted to the same IRB and 

approved as exempt human subjects research. For the purpose of this secondary data 

analysis, all participants will be treated as a single healthy cohort given that osteoarthritis 

is so common in older adults and would not have been an exclusion criterion for a “healthy” 

participant if this data would have been collected as primary data.  

Platelet Respiration  
 
Whole blood was collected in 6ml vacutainers containing 

ethylenediaminetetraacetic acid (EDTA) to chelate calcium and inhibit spontaneous 

platelet activation. Blood collections were made between 9:00 and 11:00 am to control for 

fluctuations in ATP production resulting from diurnal variation in hormone levels. Blood 

cells such as platelets are established ways of measuring systemic cellular respiration 

because they are easily accessible and highly correlated with brain, skeletal and cardiac 

muscle findings (Petrus et al., 2017; Tyrrell et al., 2016; Tyrrell, Bharadwaj, Van Horn, 

Marsh, et al., 2015). A platelet pellet and platelet poor plasma were isolated using 

differential centrifugation. Isolations were performed at room temperature using 

anticoagulants to prevent cell activation during the isolation procedure.  Whole blood was 

spun at 400 x g for 10 minutes at 25°C with soft acceleration/deceleration using a Sorvall 

ST 8R centrifuge (Thermo Scientific, Rockford, IL) to separate the platelet rich plasma 

which was transferred to 15 ml conical polypropylene centrifuge tubes (Thermo Scientfic) 

under aseptic conditions. The PRP was spun at 1600 x g for 10 minutes at 25°C to separate 

the platelet poor plasma (PPP) and platelets. The PPP was removed and frozen for later 
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use.  All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise 

stated.  

Cell respirometry measurements were conducted on the platelet pellet using the 

Seahorse Extracellular Flux Analyzer SF-24 (Agilent Technologies, Santa Clara, CA) 

according to previously described methods with slight modifications (Chacko et al., 2013; 

Klinedinst et al., 2019).  Briefly the pellets were re-suspended in 37°C assay measurement 

buffer (Dulbecco’s modified eagle’s medium [DMEM]) supplemented with 143mM 

sodium chloride, 5.5mM glucose, 4mM glutamine, 6.2mM EDTA and 1mM sodium 

pyruvate with pH of 7.4. Aliquots of 10 mL suspensions of the sample were made to 

determine the platelet counts by hemocytometer, then diluted to a concentration of 40.0 x 

106 per 200µL. These aliquots were seeded on each of 10-11 wells on the respirometry 

plates coated with Corning® Cell-TakTM (Bedford, MA), as previously described 

(Klinedinst et al., 2019).  The plates were incubated at 37°C for 30 minutes then centrifuged 

at 200 x g for 10 minutes at 25°C with a mid-cycle rotation of 180°.  Additional warmed 

DMEM/pyruvate was gently added for a final volume of 675µL per well, and the plate was 

incubated for an additional 45 minutes before processing.  

The Agilent Seahorse respirometer measured oxygen consumption rates (OCR) in 

picomoles per minute from the freshly obtained platelets in each well under the influence 

of different modulators of cellular energy production.  Prior to the addition of any 

modulators, three OCR measures were taken to obtain baseline OCR.  Oligomycin was 

then injected into the wells to inhibit ATP synthase.  The OCR measured at this time 

provides a rate of respiration which is limited by the rate at which protons enter the 

mitochondrial matrix following efflux mediated by components of the electron transport 
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chain. As per previous descriptions (Klinedinst et al., 2019), the estimated maximal OCR 

was measured after injection of 2,4-dinitrophenol (2,4-DNP) into each well.   This allows 

unrestricted proton flow across the mitochondrial inner membrane, uncoupling the electron 

transport chain from ATP synthase.   After two measures of OCR were taken, an additional 

injection of 2,4-DNP was added to assure maximal capacity was reached. Finally, 

antimycin A was injected to maximally inhibit complex III of the electron transport chain.  

This inhibits mitochondrial OCR, providing an estimate of non-mitochondrial OCR. 

A non-mitochondrial OCR is determined from the post-antimycin A timepoint.  

As shown in Figure 3, the basal OCR is expressed as the baseline OCR minus the antimycin 

A-insensitive OCR.  This rate reflects the oxygen requirements of the platelets at baseline.  

A proton leak rate can be calculated from the measures post-oligomycin, again removing 

the non-mitochondrial rate.  This value reflects the rate at which protons leak across the 

inner membrane into the matrix, which is uncoupled energy lost as heat. Elevations in this 

rate can reflect damage to the mitochondria. The maximal rate is the highest value after 

the second addition of the proton ionophore 2,4-DNP, removing non-mitochondrial rates.  

This rate reflects the maximal flow of electrons down the electron transport chain and is 

therefore indirectly indicative of how fast ATP can be generated in the absence of a proton 

uncoupler.  Spare respiratory capacity is the difference between the maximal OCR and 

basal rate. This is an important measure of reserve, the mitochondrial ability to provide 

increased energy under demand.  A respiratory control ratio (RCR), indicative of 

mitochondrial energy transduction efficiency, is calculated from the maximal OCR divided 

by the proton leak OCR. All oxygen consumption rates were analyzed according to the 

Seahorse Wave program.   
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Figure 3   

Example of Cellular Oxygen Consumption Results 

 

Measures  

Demographic factors including gender, race and age were collected to describe the 

sample. Participants’ weight and height were collected via self-report. BMI was calculated 

using the CDC formula (Division of Nutrition, Physical Activity, and Obesity, 2020a).  

Baseline activity levels were determined using the Yale Physical Activity Survey 

(YPAS), a 26-item questionnaire of minutes spent in physical activity over the last week 

(housework, caregiver, recreational activity, exercise).  Sums of the estimated minutes and 

kilocalories expended per week (kcal/wk) in either minimal physical activity, noted as less 

than 3.0 metabolic equivalents for task (METS) where 1 MET is equal to the energy used 

at rest, moderate physical activity (3.0 to 5.9 METS) or vigorous activity (6.0 METs or 
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more) were identified based upon the classifications of physical activity from the US 

Surgeon General (Strath et al., 2013). 

YPAS is intended for use among older adults.  It’s two-week repeatability ranges 

from Pearson correlation coefficients of .42 to .65 (p<.001) (Dipietro et al., 1993).  When 

multiple methods of activity assessment were compared to doubly-labeled water measured 

activity, YPAS was not significantly different (Colbert et al., 2004).   

Results 

Subject mean age was 57, with 75% of subjects being female.  Sixty-seven percent 

of subjects were black, the remainder white with one Hispanic subject (Table 1). The mean 

BMI was 30.8 and 50% of subjects met criteria for obesity with BMI of 30 or greater.  Data 

were analyzed using IBM SPSS Statistics 27.  Normality was assessed using Q-Q plots and 

Shapiro-Wilks test, and not found to be normal.  Descriptive statistics are reported as mean 

(SD) or median (median absolute deviation [MAD]). Baseline activity levels varied with a 

mean kcal/week of 5237.88 (SD 3058.46).  The mean number of minutes engaged in  

Table 1  
 
Subject Demographics and Baseline Activity Levels 
 
Demographics Number (%) Mean Range (SD) 

Male 3 (25)   

Race    
     Black  8 (66.7)   
     White 4 (33.3) 

 
  

Hispanic 1 (8.3)   

Age  57.08 50-65 (5.57) 

BMI  30.08 20.75-43.85 (7.33) 
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Table 1 continued 

Demographics Number (%) Mean Range (SD) 

Baseline Minimal  
Activity 
kcal/week 

 1520.29 315-5040 (1326.28) 

Baseline Moderate  
Activity 
kcal/week 

 2603.83 615-8495 (2231.97) 

Baseline Vigorous 
Activity 
kcal/week 

 1113.75 60-3780 (1079.44) 

Baseline All  
Activity 
kcal/week 
 

 5237.88 1860-11408.5 
(3058.46) 

Baseline Minimal 
Activity 
min/week 

 565.17 120-1830 (484.58) 

Baseline Moderate  
   Activity min/week 

 711 180-2380 (629.68) 

Baseline Vigorous 
   Activity min/week 

 169.83  10-630 (174.02) 

Baseline All 
Activity min/week 

 1446 540-3441 (983.03) 

 

Note.  Yale Physical Activity Survey was used to gather baseline activity levels of 
moderate and vigorous physical activity estimated kcal/week and minutes of activity per 
week.  n=12 
 
minimal intensity activity was 565.17 (484.58).  Ranges for moderate intensity activity 

were from 180 to 2380 minutes, with a mean of 711 (SD 629.68).  However, the highest 

value is attributed to a subject reporting shopping for three hours at a time, five times a 

week.  The decision was made not to winterize the value, as multiple outliers occurred in 

each level of physical activity intensity.  Vigorous activity was sparse with a mean of 

169.83 minutes, and range of 10 to 630 minutes (Table 1).  The OCR values for basal, 

maximal, non-mitochondrial, spare respiratory capacity and respiratory control ratio were 
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explored, with no statistically significant differences post-intervention found by paired 

sample sign test (Table 2).   

Table 2  
 
Means and Medians of Each Oxygen Consumption Rate 
 
OCR Mean 

Baseline 
(SD) 

Mean Post-
Intervention 

(SD) 

Median 
Baseline 
(MAD) 

Median Post-
Intervention 

(MAD) 

Sign Test 
Significance 

(p) 
Basal 
 

342.36 
(340.54) 

241.09 
(89.90) 

138.00 222.00 1.0 

      
Maximal 829.82 

(570.55) 
625.27 

(354.78) 
667.00 599.00 .55 

      
Spare 
Respiratory 
Capacity 

487.45 
(324.12) 

384.18 
(279.66) 

396.00 367.00 .55 

      
Non-
Mitochondrial 

314.55 
(238.12) 

225.91 
(88.47) 

132.00 212.00 1.0 

      
Respiratory 
Control Ratio 

19.93 
(21.82) 

13.49 
(8.200) 

13.53 12.00 .55 

Note. Significance level is .05.  n=11 SD=standard deviation. MAD=median absolute 
deviation. 

 

To assess the relationship between baseline activity (kcal/week) and cellular energy 

metabolism, scatterplots were made showing the data were non-linear.  Variables were not 

normally distributed, as assessed by Shapiro-Wilk's test (p < .05), and with significant 

outliers, non-parametric tests were utilized.  As no monotonic relationship existed, 

Spearman’s rank order correlation assumptions were not met, so Kendall’s tau-b 

correlation coefficient was used.  No relationships were statistically significant between 

baseline activity levels and baseline basal, maximal, spare oxygen consumption rate or 

respiratory control ratios (Table 3).  
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Table 3  
 
Correlations with Baseline Activity (kcal/week) and Cellular Energy Production 
 
Factors Kendall’s tau Significance 

Basal respiration rate   -.212 .169 

Maximal respiration rate  -.03 .445 

Spare respiratory capacity  .091 .340 

Respiratory control ratio   -.121 .292 

Note.  Yale Physical Activity Survey was used to gather baseline physical activity 
estimated in kcal/week.  Significance set for one-sided hypotheses. n=12 

 

With significant individual variation in baseline cellular energy levels, change post-

intervention was derived as a ratio of Visit Two to Visit One OCR values, so gains would 

show as results greater than one.  Post-intervention, the eleven completing subjects had 

basal OCR ratio mean of 1.67 (SD 1.45), maximal OCR ratio mean of 1.32 (SD 1.41), 

spare capacity OCR ratio mean of 1.41 (SD 1.92) and respiratory control ratio change mean 

of 1.01 (SD 0.62).   Baseline activity levels did not correlate with the oxygen consumption 

rate changes during the study (Table 4).  Strong positive associations were found between 

BMI and change in spare respiratory capacity (τb=.527, p=.024) utilizing a two-sided 

hypothesis.  There were also strong, but not significant correlations with BMI and maximal 

OCR Ratio (τb=.42, p=.073) and Respiratory Control Ratios (τb=.42, p=.073). 
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Table 4  
 
Correlations with Baseline Activity and Change in Cellular Energy Production 
 
Factors  Kendall’s tau  Significance 

Basal respiration rate ratio   .164  .242 

Maximal respiration rate ratio 
 

 -.018  .469 

Spare respiratory capacity ratio 
 

 -.055  .408 

Respiratory control ratio    .127  .293 

Note.  Yale Physical Activity Survey was used to gather baseline activity levels of 
moderate and vigorous physical activity estimated kcal/week and minutes of activity per 
week. Ratios represent ratio of change Visit Two Values:Visit One Values.  n=11 

 

The greatest improvements to spare capacity were noted in those subjects with a 

BMI approaching or exceeding 40 (Figure 4).  The subject with the highest BMI of 43.85 

had the greatest increases in cellular energy production post-intervention with more than 

three times baseline increase in basal OCR, five times increase in maximal OCR, nearly 

seven times increase in spare capacity, and close to doubling of the respiratory control ratio 

(Table 5).  However, results were inconsistent with subjects showing improvements up to 

five times baseline maximal OCR, 6.73 times baseline spare respiratory capacity and 1.96 

times the baseline respiratory control ratio gains.  Yet other subjects had declines in these 

values post-intervention, which did not correlate with having osteoarthritis. 
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Figure 4 

Spare Respiratory Capacity Change Post-Intervention by BMI 

 
Note.  The horizontal line represents a ratio of one, no change from post-
intervention to pre-intervention.  Anything greater than one identifies increases in 
spare respiratory capacity post-intervention, shown as a ratio of Visit Two 
result:Visit One result. 
 

Table 5  
 
Baseline Activity and Oxygen Consumption Change Ratios Post-Intervention 
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Discussion 

Moderate exercise in subjects with low baseline activity did not correlate with 

greater improvements in cellular energy production.  However, BMI was associated with 

changes in spare respiratory capacity indicating that moderate intensity exercises such as 

walking may be most beneficial for those with those with a high BMI.  Obesity is known 

to be associated with skeletal muscle mitochondrial dysfunction, with increased production 

of ROS and decreased mitochondrial oxygen consumption and ATP production (Heo et al., 

2017).  A small study of obese women showed that 12 weeks of aerobic exercise was able 

to increase maximal OCR and decrease ROS production to levels found in the lean 

comparisons, despite no significant changes in BMI  (Konopka et al., 2015). 

Data utilizing Seahorse oxygen consumption testing is very limited in activity 

studies, and none has been found to be reported at this time for adults aged 50 to 65.  This 

is complicated by the variation in duration and intensity of exercise interventions used. A 

recent study of sedentary adults (71 years old +/- 5) with pre-diabetes undergoing low-

volume, high-intensity interval training for ten weeks showed improvements in all 

neutrophil OCR by Seahorse analysis (Bartlett et al., 2020).  These subjects were not obese.  

Another reported study in sedentary adults aged 18 to 65 living with HIV explored a 

twelve-week aerobic exercise intervention comparing cellular energy metabolism of 

peripheral blood mononuclear cells pre and post.  While 24 subjects enrolled, only nine 

completed 70% or more of the intervention, and seven had complete data.  They found a 

5.65 fold increase in spare respiratory capacity with stable basal respiratory OCR (Shikuma 

et al., 2017). 

With a small data set, there are limitations to generalized application.  More robust 

statistical analysis could not be used due to small sample size and non-parametric tests 
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have limitations in application of results.  Use of a recall baseline activity survey is known 

to produce overestimates of activity (Janevic et al., 2012; Mahabir et al., 2006; Pols et al., 

1997).  All activity minutes were summed from YPAS, though some activities may not 

have been conducted for sufficient lengths of time or intensity to produce bioenergetic 

benefits.  

While subjective height and weight were used for BMI determination and slight 

underreporting of weight and overreporting of height have been noted, these have been 

found to be valid measures in American adults (Hodge et al., 2020).  

The Yale Physical Activity is a subjective measure based upon recall.   Low 

intensity activities have been found to have no correlation to a caltrac accelerometer 

(Dipietro et al., 1993).   The inclusion of low intensity aerobic activity in weekly kcal totals 

could have had a negative effect on correlation values as minimal intensity activities would 

not expected to affect mitochondrial changes.  A control group not participating in the 

intervention would help to assure validity of findings and perhaps better explain discrepant 

results.  The analysis of PBMC would be beneficial over platelets, as greater variability has 

been seen with oxygen consumption data from platelets. Additionally, as chronic 

inflammation can decrease mitochondrial efficiency, the role of inflammation should be 

examined in future studies. 

Twenty-five percent of adults over age 50 are sedentary and at risk of frailty.  

Obesity has been linked to greater levels of frailty (OR 2.34) (Lohman et al., 2019), and 

with nearly a quarter (22.9%) of adults aged 50-69 classified as obese (Newman, 2009), 

the potential to modify frailty risk through a simple intervention is imperative.  The results 

suggest that further exploration should be made into the impact of moderate intensity 
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walking for those with high BMI. Even moderate levels of walking may be important for 

improving cellular energy efficiency in those with higher BMI who are at risk of frailty.   
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Chapter Four 
Abstract 

Regular physical activity has been tied to lower levels of inflammatory markers 

interleukin-6, Tumor necrosis factor-alpha, and c-reactive protein. Aerobic exercise has 

been shown to impact these markers, but the dose and duration are not yet specified.  This 

study aims to explore the impact of baseline activity as measured by the Yale Physical 

Activity Survey on inflammatory markers after six-weeks of moderate intensity walking, 

three-times weekly in a group of adults aged 50 to 65.   No significant relationships were 

found between baseline activity in kcal/week and inflammatory marker changes.  

Additionally, no significant correlations were found between baseline activity and 

inflammatory markers.   Future studies should consider increasing the duration or intensity 

of aerobic activity, or recruitment of subjects known to have inflammatory marker 

elevations at baseline to further test the impact of a six-week aerobic exercise intervention. 

Keywords:  aerobic exercise, inflammation, physical activity, IL-6 
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Chapter 4. The Effect of Six Weeks of Aerobic Exercise on Markers of 
Inflammation in Healthy Adults3 

 

Introduction 

Physical activity, even in elderly adult populations, has been shown to have an inverse 

relationship with the chronic inflammation commonly seen in aging adults (Colbert et al., 

2004; Elosua et al., 2005; Geffken et al., 2001; Lavin et al., 2020; Taaffe et al., 2000).  Low 

level, chronic inflammation contributes to multiple disease processes and conditions, 

including cancer, diabetes, hypertension, hyperlipidemia, chronic kidney disease, 

depression, cardiovascular disease, Alzheimer’s disease, sarcopenia and frailty (Ershler, 

2007; Prasad et al., 2012; Puja Van Epps & Kalayjian, 2017). Yet, interventional exercise 

study findings vary widely and utilize various types of exercise, intensity and dose.   

While IL-6 released from macrophages or monocytes can trigger additional 

inflammatory pathways, the IL-6 released from myocytes during muscle contraction have 

anti-inflammatory effects (Pedersen & Brandt, 2010). Further investigations have 

correlated this with glycogen depletion and lactate production (Hojman et al., 2019), 

linking the intensity and duration of exercise to the anti-inflammatory properties of IL-6 

released from myocytes.   This myokine release of IL-6 is associated with release of IL-10 

and IL-1 Receptor agonist which act to suppress TNF-α and IL-1ß (Allen et al., 2015). 

Even modest levels of aerobic activity have been associated with decreased levels of CRP 

(Woods et al., 2012).  This acute phase reactant is released by hepatocytes after stimulation 

by IL-6 as part of an inflammatory response. 

 
3 Nelson, A.K. (2021). The Effect of Six Weeks of Aerobic Exercise on Markers of Inflammation in Healthy 

Adults. Manuscript in preparation. 
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The duration of aerobic exercise shown to have an effect on inflammatory markers 

is highly variable, may be dose dependent and produce different impacts based upon 

population.  A six-week intervention of moderate aerobic exercise among University 

students was enough to show significant decreases in TNF-α (Paolucci et al., 2018). A 

four-week intervention among overweight or obese adults utilizing a 60 minute moderate 

intensity walking program also showed significant decreases in TNF-α despite consistent 

body mass index (Koh & Park, 2017). 

As the six-week walking intervention to be utilized in this study was of moderate 

intensity, and added only three sessions weekly of 30 minutes of aerobic activity, we 

wanted to understand the implications on markers of inflammation, hypothesizing that 

changes would be seen in TNF-α, CRP and IL-6, but not in IL-10 or IL-1ß. Additionally, 

as regular physical activity has been correlated with decreased levels of inflammatory 

markers, we aim to utilize the Yale Physical Activity Scale estimated kcal/week activity 

measures to assess the relationship with these markers for this study.  We hypothesized 

that baseline activity would be negatively related to TNF-α, IL-6 and CRP.  

Methods 

Subjects 

This secondary data analysis utilized findings from a study comparing participants 

with knee osteoarthritis to healthy participants and the impact of exercise on measures of 

pain.  The parent study protocol was approved by the University of Maryland, Baltimore 

Institutional Review Board (IRB).  Consent was obtained from all participating subjects.  

Participants were between the ages of 50 and 65, non-smokers without diabetes or 

conditions including rheumatoid arthritis, gout, heart failure, chronic obstructive 
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pulmonary disease, chronic kidney disease, diabetes, Parkinson’s disease, Alzheimer’s 

disease, sleep apnea or autoimmune diseases. Twelve subjects were enrolled, six subjects 

had osteoarthritis and six were healthy controls.  One participant was lost to follow up prior 

to visit two, leaving complete data on eleven participants.  This secondary analysis study 

was submitted to the IRB and approved as exempt human subjects research. For the 

purpose of this analysis, all participants will be treated as a single healthy cohort given that 

osteoarthritis is common in older adults and would not have been an exclusion criterion for 

a “healthy” participant if this data would have been collected as primary data. 

Aerobic Exercise Intervention 
 
The parent study was a pre-post quasi-experimental study, where all participants 

completed two study visits. At the first visit they had blood samples and demographic data 

collected then completed the Yale Physical Activity Survey to determine baseline activity 

levels.  Between visits, each participant walked with a study interventionist to ensure 

fidelity to the intervention at a moderate intensity of 100 steps per minute for 30 minutes 

three-times weekly for six weeks.  Participants completed a second study visit with 

additional blood sampling within two weeks of completion of the walking intervention.   

Blood Sampling 
 
Blood samples were obtained from all subjects between 9:00 and 11:00 am to avoid 

diurnal influence.  Whole blood was collected into six ml EDTA tubes and placed on a 

rocker at room temperature until processing began.  Samples were centrifuged at 400 x g 

for 10 minutes at room temperature with soft deceleration and counterbalance using a 

Sorvall ST 8R centrifuge (Thermo Scientific, Rockford, IL) under aseptic technique. 

Platelet rich plasma was isolated and spun at 1600 x g for 10 minutes at 25°C to separate 
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the platelet pellet from platelet poor plasma.  The plasma was aliquoted and frozen at -

80°C degrees until the time of enzyme-linked immunoassay (ELISA) processing.  This 

secondary data analysis uses the inflammatory marker results from samples collected at the 

baseline and post-intervention visits.  

Inflammatory Markers 
 
Each inflammatory marker was measured by two-antibody ELISA using biotin-

strepavidin-peroxidase detection by the University of Maryland Baltimore Cytokine Core 

Lab. Polystyrene plates (Maxisorb; Nunc) were coated with capture antibody in PBS 

overnight at 25°C. The plates were washed 4 times with 50mM Tris, 0.2% Tween-20, pH 

7.0-7.5 and then blocked for 90 minutes at 25°C with assay buffer (PBS containing 4% 

BSA (Sigma)) 50µl of sample or standard prepared in assay buffer and incubated at 37°C 

for 2h. The plates were washed 4 times and 100µl of biotinylated detecting antibody in 

assay buffer was added and incubated for 1h at 25°C.  After washing the plate 4 times 

strepavidin-peroxidase polymer in casein buffer (RDI) was added and incubated at 25°C 

for 30min.  The plate was washed 4 times and 100µl of commercially prepared substrate 

(TMB; Dako) was added and incubated at 25°C for approximately 10-30 min. The reaction 

was stopped with 100µl 2N HCl and the absorbance at 450 nm (minus A650) was read on 

a microplate reader (Molecular Dynamics). A curve was fit to the standards using a 

computer program (SoftPro; Molecular Dynamics) and cytokine concentration in each 

sample was calculated from the standard curve equation.  

Baseline Physical Activity 

Baseline activity levels were determined using the Yale Physical Activity Survey 

(YPAS), a 26-item questionnaire of minutes spent in physical activity over the last week 
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(housework, caregiver, recreational activity, exercise). Sums of the estimated minutes and 

kilocalories expended per week (kcal/wk) in either minimal physical activity, noted as less 

than 3.0 metabolic equivalents for task (METS) where 1 MET is equal to the energy used 

at rest, moderate physical activity (3.0 to 5.9 METS) or vigorous activity (6.0 METs or 

more) were identified based upon the classifications of physical activity from the US 

Surgeon General (U.S. Department of Health and Human Services, 2018).  

YPAS is intended for use among older adults.  It’s two-week repeatability ranges 

from Pearson correlation coefficients of .42 to .65 (p<.001) (Dipietro et al., 1993). When 

multiple methods of activity assessment were compared to doubly-labeled water measured 

activity, YPAS was not significantly different (Colbert et al., 2004). 

Statistical Analysis 

Data were analyzed using IBM SPSS Statistics 27.  Normality was assessed using 

Q-Q plots and Shapiro-Wilks test, and not found to be normal. Multiple inflammatory 

markers were right skewed.  CRP values were transformed due to skew greater than 2.0 by 

log10 transformation.  All values below the level of quantification (LOQ) were set at the 

mean parameter between zero and LOQ.  Outliers were found, but were not Winsorized as 

individual variation in inflammatory profiles was expected.  Descriptive statistics are 

reported as mean (SD) or median (mean absolute deviation [MAD]). 

Linear effect mixed modeling was utilized to examine the influence of baseline 

activity as a modifier on inflammatory marker change pre and post-intervention.  Time, 

baseline activity and the interaction of time and baseline activity were set as fixed effects, 

the intercept as a random variable due to the variations by individual.  Due to small sample 

size, no additional covariates were assessed.   The same analysis was also utilized to look 
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for any association between baseline activity and change in each inflammatory marker 

from baseline to post-intervention. 

Results 

One subject from the original study was lost to follow up before the final visit. 

Results were analyzed utilizing all data as nonparametric tests allowed.  Participant 

demographics and baseline activity measures are found in Table 6. Seventy-five percent of 

subjects were male, two-thirds black with mean age of 57. Half of subjects met criteria for 

obesity with a body mass index of 30 or greater.  Baseline activity in kcal/week was highly 

variable, ranging from 1860 to 11,408.   

Table 6  
 
Subject Demographics and Baseline Activity by YPAS 
 
Demographics Number (%) Mean (SD) Range  

Male 3 (25)   

Race    

     Black  8 (66.7)   

     White 4 (33.3)   

Hispanic 1 (8.3)   

Age  57.08 (5.57) 50-65  

BMI  30.08 (7.33) 20.75-43.85  

Baseline Activity   
  kcal/week 

 5237.88 
(3058.46) 

1860-11408.5  

    

Note.  Yale Physical Activity Survey = YPAS, used to gather estimated kcal/week of 
baseline activity in one week.   
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 Table 7 shows the means, standard deviations, medians, median absolute deviation 

as well as the results of the paired subjects sign test significance. As you can see, no  

 
Table 7  
 
Change in Markers of Inflammation Post-Intervention 
 
Markers of 
Inflammation 

Mean 
Baseline 

(SD) 

Mean Post-
Intervention 

(SD) 

Median 
Baseline 
(MAD) 

Median 
Post-

Intervention 
(MAD) 

Sign Test 
Significance 

(p) 

CRP  
 

8011.44 
(10302.95) 

14006.59 
(21961.76) 

2555.87 
 (0) 

4309.46 
(0) 

.55 

      

IL-1A 394.34 
(619.26) 

427.72 
(628.41) 

.32 (.32) .32 (0) 1.0 

      

IL-1β 3.38 (4.47) 3.39 (3.76) .74 (0) 1.44 (0) 1.0 

      

IL-6 112.69 
(195.04) 

112.95 
(165.88) 

.32 (0) .32 (0) .38 

      

IL-10 12.60 
(13.04) 

13.60 
(14.04) 

12.66 (0) 9.44 (0) .34 

      

TNF-α 14.10 
(5.49) 

15.16 
(6.32) 

12.74 (0) 13.49 (0) 1.0 

Note. Significance level is .05.  n=11.  SD=Standard deviation. MAD=median absolute 
deviation. 

 
changes in inflammatory markers between visits were significant.  Additionally, the 

median values for most markers are far smaller, noting the floor effect with numerous 

low values within the data. 
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 The linear mixed modeling did not show a significant moderating effect of 

baseline activity on the change in inflammatory markers post-intervention (Table 8) 

Table 8  
 
Estimate for Moderating Effect of Baseline Activity on Inflammatory Marker Change 
 

Marker 
Estimate for moderating 
effect of baseline activity 

p-value 95% CI 

CRP* -.0000005 .91 -.0001-.0001 

IL-1β -.00026 .05 -.0005- -.000004 

IL-6 -.009 .11 -.02-.002 

IL-10 -.00039 .55 -.0018-.0010 

TNF-α -.00036 .23 -.001-.0003 

Note. p-values significant at <.05.  Linear mixed model included time and baseline 
activity as an interaction term. 
*CRP transformed due to skew with log10 transformation 
 

The effect on IL-1β approached significance, but the value of the estimate (-.00026) was 

very small.   The association between baseline activity and each inflammatory marker can 

be seen in Table 9.  No values were significant and all confidence intervals crossed zero.  

Discussion 

These results showing no significant change in inflammatory markers after a six-

week moderate intensity aerobic exercise program are not surprising in that results are 

highly variable by intervention type, dose and population.  This secondary analysis did not 

allow for recruitment of inactive or sedentary subjects who may have the best potential to 
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demonstrate improvement of inflammatory markers within a short timeframe.  Nor did it 

allow for recruitment sufficient for adequate power analysis.  Additionally, as anti-

inflammatory responses greatly rely upon myokine release of IL-6, the 30-minute walking 

duration with moderate intensity may not have been sufficient to trigger lactate and IL-6 

release.  However, while IL-6 rises more acutely, over  a longer timeframe the literature 

does report inverse relationships between time spent walking and IL-6 and TNF-α (Hamer 

& Steptoe, 2008). 

Table 9  
 
Association of Inflammatory Markers with Baseline Activity 
 
Factor Estimate p 95% CI 
CRP* -.00003 .81 -.0003-.0003 
    
IL-1β .0005 .27 -.0004-.001 
    
IL-6 .02 .23 -.06-.06 
    
IL-10 -.0007 .61 -.0037-.0023 
    
TNF-α .0002 .75 -.001-.002 

Note. p-values significant at .05. Linear mixed model included random  
intercept and baseline activity.  CI = confidence interval. 
*CRP transformed due to skew with log10 transformation. 
 

That no significant associations were found between baseline activity and markers 

of inflammation varies from the expected.  As multiple subjects in this secondary data 

analysis had no elevations in markers of inflammation, this floor effect disrupts the ability 

to determine change with intervention.  Additionally, as YPAS includes multiple intensities 

of activity ranging from minimal to vigorous, overall totals may not be specific enough to 

the types of activities expected to bring about anti-inflammatory benefit.   Certainly, the 
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small sample size and data distributions prohibited more robust statistical methods from 

being used.   

Conclusions 

While aerobic exercise has been shown to have a beneficial effect on the reduction 

of inflammatory markers, the minimal duration and frequency required are not as of yet 

known.  Despite a cohort of non-smoking adult subjects with no diabetes or autoimmune 

disorders, no significant reductions were seen with the addition of moderate intensity 

walking three times weekly for six-weeks.  It is likely, that in older adult populations an 

increased weekly dose or longer duration of intervention would be required to demonstrate 

significant changes in IL-6, TNF-α or c-reactive protein when not selecting for sedentary 

individuals who may demonstrate the most immediate benefit. 
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 Chapter 5: Summary and Implications of the Research 

Understanding the mechanisms of early frailty in PLWH allows opportunity to 

intervene, and perhaps to prevent its onset. Identifying the role of baseline activity in a 

subject’s response to aerobic exercise is critical to develop effective exercise intervention 

trials. As frailty has been found to be a precursor to chronic diseases such as cardiovascular 

disease, diabetes and bone disease (Kelly et al., 2019), the utilization of a safe, effective, 

low-cost exercise, such as moderately paced walking, to modify frailty risk could 

potentially change the health status of millions of PLWH.  Unfortunately, due to the 

ongoing COVID-19 pandemic with much of human subjects research on hold for an 

extended period of time, conducting a pilot study recruiting, drawing and processing blood 

from PLWH was unfeasible. Therefore, secondary data from an aerobic exercise 

intervention study was utilized from healthy individuals without HIV infection aged 50 to 

65.  

Summary of Findings 

 
Aim 1. Synthesize the literature to further develop a conceptual model of the 

factors and pathways to frailty for PLWH. Hypothesis 1.1: Frailty in HIV is a result of 

the combination of cellular and molecular changes, comorbid conditions, psychosocial and 

environmental factors involving inflammatory, energy dysregulation and immune 

activation pathways. Hypothesis 1.2: Frailty would be negatively associated with physical 

activity in PLWH.   

As literature was reviewed on the pathways of musculoskeletal frailty in PLWH, 

the original conceptual model (Piggott et al., 2016) was adapted. The pathways of the 

original model included altered energy metabolism, inflammation, immune activation, 
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neuroendocrine dysfunction and renin/angiotensin system alterations.  These pathways 

were explored in the literature with a specific focus on musculoskeletal frailty specifically 

to remove cognitive frailty from the model.  Their model described both HIV and therapy 

along with underlying factors utilizing these pathways  and accompanying 

pathophysiology to produce the clinical findings associated with Fried’s frailty phenotype 

(Fried et al., 2001). 

The adapted mechanistic model of frailty in PLWH (Appendix B) identified the 

mechanisms of increased inflammation, dysregulated energy metabolism, immune 

activation and endocrine alterations according to hypothesis 1.1.  Additionally, it describes 

risk factors for frailty such as antiretroviral therapy (ART), comorbidities, psychosocial 

and environmental factors, nutrition and biologic aging as they related to each frailty 

mechanism, slightly adapted from the hypothesis. ART for example can impact 

mitochondrial toxicity (Brinkman et al., 1999; Røge et al., 2002) and can inhibit 

mitochondrial DNA (mtDNA) polymerase-γ utilized in mtDNA repair (Smith et al., 2017).  

It is also correlated with glucose metabolism disorders (Maganga et al., 2015) and bone 

density loss (T. T. Brown & Qaqish, 2007).  A single risk factor can trigger multiple 

mechanisms at once.  Unfortunately, PLWH face multiple risk factors from HIV infection 

and treatment alone, despite other additional risks such as chronic pain, comorbidities or 

co-infections or depression outlined in Chapter Two. 

The ability of aerobic exercise to moderate the effects of these mechanisms is also 

highlighted in the chapter as per hypothesis 1.2.  Aerobic exercise has been found to 

decrease markers of inflammation such as IL-6, TNF-α and CRP in healthy adults and 

elderly populations.  Decreased levels of IL-6 have been found in PLWH who exercise 
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(Hsu et al., 2009).  However, the exact dose, duration and intensity for these decreases are 

not yet known as trial results vary significantly.   While literature has some conflicting data 

on aerobic exercise decreasing immune activation, decreases are seen (Bonato et al., 2017).  

Effects can also be seen with exercise on BMI on insulin sensitivity (Prior et al., 2014), as 

well as improving testosterone levels (Melo et al., 2019) and certainly reducing visceral 

fat.  Although short-duration intervention studies may not induce changes in BMI, this is 

not necessarily the mechanism for improvements.  This review of literature highlights the 

importance of recruiting sedentary PLWH for short-duration aerobic exercise studies to 

have the greatest potential to show a significant effect. 

Aim 2. Assess the impact of six weeks of walking on cellular energy metabolism 

as related to baseline activity in healthy adults aged 50-65. Hypothesis 2.1:  Platelet 

energy metabolism will be positively associated with baseline activity. Hypothesis 2.2: 

Platelet energy metabolism improvement will be correlated with lower baseline activity. 

The analysis using Kendall’s tau-b correlation coefficient did not support 

hypothesis 2.1.  None of the platelet energy metabolism measures had a statistically 

significant relationship with baseline activity levels.  No tau-b values showed strong 

relationships in this small primary study of eleven subjects, all p-values were insignificant 

ranging from .17 to .45.  Additionally, none of the measures had a significant change from 

baseline to post-intervention visits. 

Hypothesis 2.2 was not supported.  The change in basal respiration OCR, maximal 

respiration OCR, spare respiratory capacity OCR and respiratory control ratios from the 

post-intervention visit to the baseline visit had no significance with baseline activity as per 
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the Yale Physical Activity Survey totals in kcal/week.  No Kendall’s tau-b values showed 

more than a weak relationship.   

However, BMI was found to have a strong positive association with the change in 

spare respiratory capacity (τb=.53, p=.02) utilizing a two-sided hypothesis.  BMI also had 

strong, but insignificant correlations with the maximal OCR change (τb=.42, p=.07) and 

respiratory control ratio change (τb=.42, p=.07).  This finding in a small sample set 

suggests that moderate intensity aerobic activity for as little as six weeks duration may be 

beneficial for those with high BMI to improve cellular energy production.  It would also 

suggest that recruitment for short-duration aerobic activity studies should focus on subjects 

who have a significantly elevated BMI.  

Aim 3. Assess the effect of six-week aerobic exercise on markers of 

inflammation (IL-1β, IL-6, IL-10, TNF-α and CRP) in healthy adults aged 50 to 65.  

Hypothesis 3.1: IL-6, TNF- α, and CRP will decrease post-intervention in those with lower 

baseline activity who could show greatest improvement, with little change in IL-1β, IL-10 

and CRP.  

The analysis utilizing a paired-samples sign test indicated no significant changes in 

the inflammatory markers from hypothesis 3.1.  As the data used for this analysis was not 

from a population with HIV, but of healthy adults, multiple subjects had little inflammation 

at baseline, with a floor effect.  This skewed the data toward the right and with a small 

sample limits interpretation of analysis.  While a linear mixed modeling analysis was 

completed to examine the influence of baseline activity on the inflammatory markers, no 

results were statistically significant when looking at the association of baseline activity 

with inflammatory markers or when looking at the moderating effect of baseline activity 



 
 

65 

on inflammation utilizing an interaction term of time and baseline activity.   There is no 

demonstrated effect of baseline activity on inflammatory markers after a six-week 

moderate intensity aerobic exercise intervention. Future interventions should focus on an 

increased dose, intensity or duration of exercise for greatest effect. 

Limitations 

This study has several limitations. Notably, the use of secondary data from a 

population without HIV due to the restrictions on research during the COVID-19 

pandemic.  A non-walking control group could have helped with data interpretation from 

the original study. The use of a secondary data set with a small number of subjects has 

restricted the analysis to nonparametric tests and limits power.  As the study was not 

recruited for this analysis, the size of effect is likely underestimated, both issues of 

statistical conclusion validity. There is also a valid limitation on the generalizability to 

other populations with a small sample size.   

Additionally, the frequent low baseline inflammatory marker values in this healthy 

population greatly diminish the potential to see an effect within such a small number of 

subjects. A much larger data set would allow additional covariates to be added into the 

analysis, and recruitment of subjects with known inflammation at baseline would allow the 

analysis to show greater effect sizes if an effect would be seen.  

Strengths 

This study also had many strengths.  A focused review of the literature on 

musculoskeletal frailty mechanisms within PLWH produced a new conceptual model 

adaptation. It also provides the context in understanding how each risk factor discussed 

(Chapter Two) is related to mechanisms of frailty in the population.  The incorporation of 

aerobic activity into the review provides additional mechanistic information about the 
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rationale and concerns to be noted about aerobic activity interventions along with dose, 

duration and frequency for future study planning. 

While attrition with one subject of twelve (8%) being lost to follow up during the 

original study would seem quite problematic, this is actually a strength of this dataset as 

this rate of attrition is rather low.  As the original study team met with each subject to 

accompany them during each walk, the level of attrition and fidelity were well preserved 

in comparison to other exercise intervention trials. A meta-analysis of 1242 PLWH in 

aerobic exercise studies noted an overall withdrawal rate of 24%, with 67% of the studies 

reporting attrition rates greater than 15% (O’Brien et al., 2016).  

Implications for Research, Clinical Practice, Public Health and Policy 

Research. The adapted conceptual model described in Chapter Two allows for 

future research to be designed to test the relationships depicted. Understanding the 

mechanisms contributing to early frailty in PLWH, along with having a well-defined and 

correlated group of risk factors highlight opportunities for further testing of concepts within 

the model.  This study also contributes recommendations for future short-duration aerobic 

activity intervention in sedentary adults, and those with elevated BMI and markers of 

inflammation.  Until dose, duration and frequency of exercise to prevent frailty in an at-

risk population studies should focus on those subjects most apt to show change within a 

short time-frame.  Additionally, this study highlights the need for exercise studies in PLWH 

to assess for changes in measures of multiple mechanisms of frailty to assist in comparisons 

of potential effect on frailty. 

Clinical Practice. The identification of multiple risk factors for early frailty in the 

adapted conceptual model (Appendix A) can serve to assist the development of additional 

frailty risk assessments for clinical care.  Understanding that PLWH, even with well 
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controlled viral loads, experience chronic inflammation, assaults on their mitochondria, 

alterations in endocrine function and increased levels of immune activation can help 

clinicians to better assess their patients.  Further, recognizing the ability of moderate 

intensity aerobic exercise which is recommended for all adults (Haskell et al., 2007; U.S. 

Department of Health and Human Services, 2018), providers can recommend walking at a 

pace of 100 steps per minute (Tudor-Locke et al., 2019; Tudor-Locke & Rowe, 2012) for 

all physically able PLWH.   

Public Health. Current antiretroviral therapy allows PLWH to have near normal 

lifespans. However, they develop frailty at higher rates and earlier than those adults without 

HIV. This study highlights the importance of understanding mechanisms of frailty in 

PLWH so that public health interventions can be developed to combat frailty in this group.  

Additionally, this conceptual framework developed in Chapter Two discusses the 

potential of aerobic exercise to modify frailty risk.  More work needs to be done in this 

area to develop standard effective interventions for PLWH.   

Conclusion 

Prevention of early frailty in PLWH is key to ensuring the greatest quality of life 

for the longest duration.  The mechanisms and risk factors outlined in this study provide a 

framework for further investigation of the most effectual aerobic exercise interventions for 

this problem affecting millions of people aging with HIV. Future studies should investigate 

the effect of moderate intensity aerobic activity in PLWH who are sedentary, have elevated 

BMI, have elevated baseline inflammatory markers and should consider doses longer than 

30 minutes and durations more than six weeks to achieve the greatest effect until these 

variables are optimized. 
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Appendix A:  
 
 
 Conceptual Model of Mechanisms of Musculoskeletal Frailty in PLWH  

 

 
 
Note. Conceptual model of mechanisms and risk factors for musculoskeletal frailty in 

PLWH with aerobic activity as a potential modifier of these mechanisms, lessening 
effect, adapted from Piggott, Erlandson & Yarasheski (2016).  
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