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ABSTRACT 

 

Daniel J. Tyrrell 

 

EVIDENCE SUPPORTING THE UTILITY OF BLOOD CELL RESPIRATORY 

CAPACITY AS A SYSTEMIC MARKER OF MITOCHONDRIAL HEALTH AND 

BIOLOGICAL AGE 

 

Dissertation under the direction of  

Anthony J. A. Molina PhD, Assistant Professor, Internal Medicine, Dept. of Gerontology 

and Geriatric Medicine 

 

The global population of older adults is projected to increase to over 2 billion by the year 

2050, and although mitochondria are implicated in nearly all age-related diseases, 

currently there is no clinically useful measure of systemic mitochondrial health. Multiple 

lines of evidence suggest that blood cells may recapitulate mitochondrial function 

systemically, but there is a gap in the knowledge as to whether blood cell mitochondrial 

function reliably informs on mitochondrial function of other tissues or biological age in 

older adults. This project aims to develop a minimally invasive, objective measure of 

blood bioenergetic function that provides a reliable index of systemic mitochondrial 

health for aging and age-related diseases. We tested the hypotheses that blood cell 

bioenergetic function is reliable, correlates with bioenergetics of other metabolically 

active tissues, relates to indices of physical function in older adults, and responds to 
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intervention. PBMC and platelet respiration produced similar respiratory rates over 1 

week with intraclass correlation coefficients greater than 0.5. Platelet and monocyte 

bioenergetics associated with bioenergetics of skeletal and cardiac muscle, and PBMC 

bioenergetics correlated with gait speed, expanded short physical performance battery, 

leg strength, grip strength, and plasma interleukin-6 level in obese older adults. 

Interestingly, we found that PBMC respiration decreased significantly in response to 

resistance training and weight loss in obese older adults. Because weight loss is known to 

reduce resting metabolic rate, this may indicate that blood cell respiration tracks with 

systemic metabolic demand. Fat mass loss correlated with greater reduction of maximal 

PBMC respiration and reserve respiratory capacity, and lower baseline respiration 

predicted greater fat loss. In conclusion, we discovered that circulating blood cell 

respiration is reproducible, is associated with bioenergetics in muscle tissue and physical 

function, and is altered by resistance training and weight loss intervention. This addresses 

considerable gaps in the knowledge regarding the clinical utility of blood cell respiratory 

capacity, revealing that circulating blood cell respirometry is related to key aspects of 

biological health in old age and may provide a minimally invasive index of systemic 

mitochondrial health for use in large-scale clinical trials and geriatric medicine. 
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INTRODUCTION 

1. Population aging 

The global population is aging. There were 205 million adults over 60 years in 1950, 810 

million in 2012, and this is projected to increase to 2 billion by the year 2050. 1;2 The 

increased proportion of older adults is attributed to reduced infant mortality and increased 

survival at older ages. Researchers have been successful in extending the lifespan of 

many model organisms from yeast to primates 3;4; however, many older adults are living 

longer in poor health. There has been a shift in clinical gerontology from focusing on 

lifespan extension to prolonging the healthspan, which is the length of time an individual 

remains healthy into older age. The goal of healthspan promotion is to compress the time 

that older adults live with high disease burden to the very end of life. 5 This has positive 

effects on individuals, society, and the health system. Healthspan promotion is simple in 

theory but difficult in practice due to the complex interplay between intrinsic aging, 

development of aging-related diseases, and the comorbidities associated with those 

diseases. Age-related diseases share common risk factors and comorbidities and can 

respond to the same stressors and interventions. By using animal models for aging, many 

pathways that confer lifespan extension are found to be interconnected or share common 

genes, which culminate with various end organ diseases. In 2013, the National Institutes 

of Health GeroScience Interest Group outlined 8 biological factors that cause chronic 

age-related diseases (Figure 1). Geroscience is a cross-disciplinary field that focuses on 

understanding the relationships between aging and age-related diseases with the goal of 

understanding biological age and promoting healthspan in humans. 1 
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Figure 1. Illustration of aging-related diseases and biological mechanisms primarily 

responsible for causing them 

 
Adapted from: Burch JB, et. al, J Gerontol A Biol Sci Med Sci. 2014. (69) Suppl 1: S1-3.  

2. Biological aging 

The concept of healthspan relies on understanding determinants of age-related health, 

which often involves complex chronic diseases and associated comorbidities. Obesity 

illustrates this well as it is a comorbidity of diabetes, cardiovascular disease, and 

sarcopenia, which are all associated with aging. The cause behind each of these likely 

involves complex interactions between a variety of factors including adaptation to stress, 

epigenetics, redox homeostasis, metabolic function, and inflammation. According to 

Brian Kennedy of the Buck Institute, the mechanisms linking aging and chronic disease 

can be loosely grouped into 3 categories: 1) accumulation of damage to DNA, proteins, 

and organelles, 2) reduced ability to repair damage, and 3) antagonistic pleiotropy, which 
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may be described as a failure of the body to adapt to stress in older age. 1 Determining 

biological age takes these factors into account as well as disease risk factors and current 

physical and mental health status whereas chronological age advances linearly. 

Chronological age is also one of the strongest risk factors for many aging-related 

diseases, along with medical history, family history, and genetics. Thus, biological and 

chronological age are tightly coupled to healthspan. Uncovering methods to accurately 

assess biological age are currently being investigated and are typically viewed through 

the lens of predominant theories of aging, including immunosenescence, the free radical 

theory of aging, the mitohormetic theory of aging, "inflammaging", and evolutionary 

aging. These overlap greatly but also highlight important aspects of biological age. 

2.1. Immunosenescence 

Immunosenescence suggests that with age, the adaptive and innate immune systems fail, 

resulting in dysfunction to immune cell function. 6;7 Two age-related features of 

immunosenescence are: 1) immune system dysfunction results in a proinflammatory state 

and 2) the dysfunctional immune system poorly copes with injury 8, infection 9;10, and 

vaccination 11. Benign viruses early in life can be harmful if reactivated in old age due to 

reduced ability to combat infection. Human cytomegalovirus (CMV) is associated with 

elevated cytokine level, such as interleukin-6 (IL-6) and tumor necrosis factor α (TNFα) 

as well as vaccination. 12 Immunocompromised older adults are at risk for infection 

which may exacerbate chronic conditions. The Dynamics of Health Aging and Body 

Composition (HealthABC) study showed that plasma IL-6 predicts mobility disability 

and mortality. 13 Elevated cytokines are related to innate immune system dysfunction. 

14;15 In older age, neutrophils, which respond to bacterial infection, have diminished 
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phagocytosis and oxidative burst capacity, which is used to kill bacteria. 10;16 Neutrophils 

also have lower expression of anti-inflammatory genes such as suppressor of cytokine 

signaling 1 (SOCS1) and SOCS3. 17 Similarly, in old versus young mice, natural killer 

cells lose cytotoxicity, which is required to kill infected cells. 18 Antigen-presenting cells 

may also be impaired in old age 19, and macrophages have decreased toll-like receptor 

(TLR) function which reduces IL-6 and TNFα production. 20-22 This contradicts the 

systemic increase in cytokine levels with age; however, it is in line with reduced cellular 

immune responses that characterize immunosenescence. The proinflammatory state 

appears to be a result of a specific increase in TLR5 expression and excessive immune 

response to infection which increases monocyte production of IL-8, IL-6, and TNFα. 23;24 

Macrophage infiltration into adipose tissue is also a major site of cytokine production, 

specifically of IL-6. 25 Taken together, the immune system tends toward dysregulation 

either by reduced or exacerbated function, resulting in increased basal function and 

chronic low-grade inflammation, which accompanies many aging-related diseases. 

2.2. Inflammaging 

Most chronic diseases and comorbidities associated with aging manifest with redox stress 

and chronic low-grade inflammation, likely resulting in part from immunosenescence. 

This is true for nephropathy 26, impaired physical function 27, obesity 28-30, cardiovascular 

disease 31, and diabetes 32. Although inflammation is necessary for acute response to 

injury or infection, chronic inflammation is deleterious in many ways. The term 

"inflammaging" describes the reduced ability of older adults to cope with the progressive 

chronic proinflammatory state characterizing aging. 7;33 Although sources of 

inflammation were described above, additional sources are known. The idea of a "leaky 
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gut" is one such source which suggests that gut microbiota byproducts leak into 

surrounding tissues and activate inflammatory processes. 34;35 Additionally, non-immune 

senescent cells accumulate with age and secrete factors which activate the immune 

system. These are termed senescence-associated secretory phenotypes (SASPs). 36 

Similar to SASPs, when mitochondria become damaged or dysfunctional, they too 

release potent proinflammatory factors such as mitochondrial DNA (mtDNA), 

cardiolipin, and formyl peptides, termed mitochondrial damage-associated molecular 

patterns (mtDAMPs). 37 SASPs and mtDAMPs, including reactive oxygen species 

(ROS), advanced glycation end products (AGEs), peroxidized lipids, mtDNA, β-amyloid, 

and double-stranded RNA appear to activate sensors within the body such as TLR5 and 

the nod-like receptor (NLR) family, Pyrin domain containing 3 (Nlrp3) inflammasome. 38 

These activate caspase-1 followed by a cascade of pro-inflammatory events including 

interleukin 1-beta (IL-1β) and IL-18 production 39, which ultimately activates the nuclear 

factor kappa-light-chain-enhancer of activated B cells (NFκB), a master regulator of 

inflammation. The Nlrp3 inflammasome is active in both monocytes and macrophages. 40 

This may result from overproduction of these end products or a reduced ability to clear 

them. Both result in accumulation of factors that contribute to activating a chronic 

inflammatory state. 41 Taken together, it is impossible to separate the immunosenescence 

and inflammaging theories, and chronic inflammation has been linked to other theories of 

aging as well, namely the free radical theory of aging because proinflammatory cytokines 

such as TNFα and IL-6 can stimulate ROS production and vice versa. 41-43 
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Free radical theory of aging 

First proposed by Denham Harman in 1956, the free radical theory posits that 

accumulation of damage to DNA, proteins, and organelles by highly reactive free radicals 

cause aging; however, the source of free radicals was then unknown. 44 The theory was 

refined in 1972 showing that the likely source of most ROS was the mitochondria. 45 This 

is one of the most prominent theories of aging which has been continually studied and 

refined. The free radical theory of aging is often oversimplified, simply suggesting any 

ROS generation is detrimental; however, this is not always the case. 46-48 Redox signaling 

plays an important regulatory role in cells, and although mtDNA is particularly 

vulnerable to damage, it can be repaired in many ways, including short- and long-patch 

base excision repair 49-51, mismatch repair 52, and homologous and non-homologous end-

joining. 53 Although repair mechanisms exist, redox stress and ROS damage are 

associated with mortality in humans which accumulates with age. Thus they are a 

primary focus of aging research. 13;54 There are many methods to measure ROS 

production in tissues and to quantify redox damage to proteins, lipids, membranes, DNA, 

and mtDNA. Major sources of ROS are nicotinamide adenine dinucleotide phosphate-

oxidase (NADPH) oxidase and complexes I and III in the mitochondrial electron 

transport chain (ETC). 55;56 ROS production increases along with ATP production as 

mitochondrial membrane potential increases. 57;58 Tissue-specific sites of mitochondrial 

ROS production are also thought to exist. 59 Because of high ROS production in 

mitochondria relative to other organelles and proximity of ROS to the inner 

mitochondrial membrane, mtDNA is exceptionally susceptible to oxidation. 60;61 ROS-

mediated mtDNA damage leads to somatic mutations and dysregulation of mitochondrial 
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ETC function, further increasing ROS formation and metabolic dysregulation which 

associates with diseases and disability in older adults. 62;63 Damage from ROS induces 

apoptosis, which also increases with age. 64 In summary, damage to proteins, lipids, 

mtDNA, and nuclear DNA (nDNA) is thought to accumulate over time, contributing to 

further ROS production and ultimately leads to disease, frailty, and functional decline 

that characterize aging. 65-68  

2.3. Mitohormesis theory of aging 

Many stressors contribute to aging; however, some, especially ROS, also have a hormetic 

effect where low doses promote stress tolerance and resistance (Figure 2). 69-72 Redox 

stress has been shown repeatedly to increases endogenous antioxidant enzymes, such as 

superoxide dismutase 2 (SOD2) and thioredoxin-dependent peroxide reductase 3 

(PRDX3). 73;74 Mitochondrial- specific hormesis is termed mitohormesis. The deletion of 

mitochondrial-SOD2 increases lifespan in worms but not humans. 75 Lifespan extension 

and many other hormetic benefits of ROS are lost when exogenous antioxidants are 

provided. 69;76 Along these lines, one systematic review concludes that vitamin and 

mineral supplements, which act as antioxidants in the body, provide little to no benefit for 

preventing cardiovascular disease. 77 Other methods of inducing oxidative stress, such as 

modifying diet by glucose restriction promotes greater ROS signalling alongside 

increased longevity. 78 Extended or strenuous aerobic exercise also increases ROS 

production acutely, which is thought to be one mechanism underlying the benefits of 

exercise. Increased endogenous antioxidant enzymes associated with strenuous exercise 

are thought to result from this hormetic effect and can prevent some effects of chronic 

diseases of aging. 79;80 Many pathways are altered during mitohormesis, but it is currently 
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unknown which specific pathways are most important. Although specific molecular 

sensors are not fully elucidated, caloric restriction 81, rapamycin treatment 82, and 

blocking insulin-like growth factor 1 (IGF-1) signaling 83 produce mitohormetic ROS 

signals in worms and rodents that appear necessary for lifespan extension effects.  

Figure 2. A depiction of the role of mitochondrial hormesis in the aging process 

 
Adapted from Ristow M. 2014. Nature Medicine. 709-711. 

2.4. Evolutionary theory of aging 

The evolutionary theory of aging suggests that advantageous genes may be outgrown 

with age. Genes that are beneficial during reproductive years are selected over genes that 

are beneficial once reproductive potential has past, and genes may even be selected for if 

benefits outweigh simultaneous harmful effects. 84 Antagonistic pleiotropy describes how 

genes or proteins have both positive and negative health effects at various times in the 

life cycle. 1 Many genes implicated in aging appear to act this way. The mechanistic 

target of rapamycin complex 1 (mTORC1) can be inhibited by rapamycin to increase 

longevity in mice 85;86, but prolonged rapamycin treatment inhibits mTORC2, resulting in 
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metabolic dysfunction 87;88. Acute hypoxia can also increase longevity. 89;90 Although safe 

in humans, activating the hypoxia-inducible factor 1-alpha (HIF1α) achieves lifespan 

extension; however, it is tumorigenic in humans. 89;91 These are genetic manipulations, 

but they are similar to antagonistic pleiotropy and support the evolutionary theory of 

aging because both pathways can be beneficial and harmful. Lamming et al. have 

achieved specific inhibition of mTORC1 without inhibiting mTORC2 via intermittent 

dosing strategies with rapamycin. 92;93 Similarly, Leiser et al. have identified a 

downstream target of HIF1α, the flavin-containing monooxygenase-2 (FMO-2), which is 

a detoxification enzyme that increases lifespan when overexpressed. 94 Future studies 

should determine if FMO-2 increases lifespan without the tumorigenicity of HIF1α. 

Although antagonistic pleiotropy has prevented a simple therapeutic strategy for 

increasing lifespan thus far, these examples suggest an anti-aging therapy may still be 

plausible. Further work aims to determine if downstream targets can induce only the 

positive effects of lifespan and healthspan extension. 

2.5. Summary of the theories of aging 

Each of the above-mentioned theories of aging implicates mitochondria. Inflammaging 

and immunosenescence propose aspects of redox stress from mitochondria, which plays a 

role in chronic inflammation and reduced immune function in aging. Mitohormesis 

centers on mitochondria, suggesting that reduced stress adaptation, particularly from 

mitochondrial-derived ROS, causes aging. The free radical theory similarly suggests that 

ROS damage accumulates over the lifespan until a threshold where disability and 

mortality manifest. We now appreciate the regulatory role of ROS in energy homeostasis 

and mitochondrial quality which is disrupted in age-related diseases like obesity and 
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cardiovascular disease. 82;95 Balanced mitochondrial function is critical to maintain 

homeostasis. Many pathways may be genetically altered to extend lifespan in models of 

aging which can have characteristics of antagonistic pleiotropy linked to mitochondria. 

Each of these theories is at least partly reliant on mitochondrial function, making it 

necessary to understand mitochondria to understand biological age and healthspan. 

3. Mitochondrial physiology 

Mitochondria are organelles that maintain energetic homeostasis in nearly all mammalian 

cells. The first eukaryotic cells are believed to have developed a symbiotic relationship 

with protobacteria that either invaded or were engulfed by cells, eventually becoming 

modern mitochondria. Mitochondria are unique in that they have 2 membranes. The inner 

membrane is enriched in cardiolipin, similar to bacteria, and is impermeable to almost all 

molecules except oxygen, carbon dioxide, and water. Mitochondria also have their own 

circular DNA, but most genes encoding for mitochondrial proteins are synthesized by 

nDNA. Mitochondria likely transferred most of their genes to the nucleus during 

evolution by endosymbiont gene transfer, which increased energetic efficiency of 

replicating mtDNA. Several important genes for mitochondrial proteins remain encoded 

by mtDNA, primarily to regulate ATP production. 96 For example, the mitochondrial 

gene for ND5 is the rate limiting step to assemble nicotinamide adenine dinucleotide 

(NADH) dehydrogenase. 97;98 This allows individual mitochondria to respond to changes 

in membrane potential or oxygen tension within the cell on a minute-to-minute time 

scale. 99 Similar to bacteria, mtDNA mutations occur at an accelerated rate compared 

with nDNA and because 100's or 1000's of mtDNA copies exist per cell, there can be a 

significant amount of heteroplasmy. 100According to Picard, Wallace, and Burelle, 
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mtDNA mutations can disrupt mitochondrial signaling, which can alter a majority of 

nuclear gene expression. 101 The key oxidative phosphorylation (OXPHOS) proteins in 

mitochondria are the 5 complexes of the ETC along with cytochrome C, coenzyme Q, 

and the adenine nucleotide translocator (ANT) (Figure 3). These are involved in the 

transfer of electrons, protons, ADP, or ATP across the inner mitochondrial membrane, 

and as such, most are embedded in that membrane. Consumed food is broken down to 

macronutrients, which are oxidized to the 2 reducing equivalents, NADH and flavin 

adenine dinucleotide (FADH2), which provide electrons to complexes I and II of the 

ETC. A series of redox reactions occur as electrons are passed through the ETC from 

complexes I and II to coenzyme Q, complex III, cytochrome c, and finally to complex IV 

where oxygen is reduced to water. Free energy released from the exergonic redox 

reactions is used to pump protons from the mitochondrial matrix to the intermembrane 

space at complexes I, III, and IV, resulting in an electrochemical gradient across the inner 

mitochondrial membrane. Energy from the proton gradient is harnessed by complex V of 

the ETC, ATP synthase, to phosphorylate ADP to ATP, which can be used to drive 

endergonic chemical reactions throughout the body. 100;102 
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Figure 3. A depiction of the electron transport chain and proton gradient of the 

mitochondria 

 
Adapted from Nelson & Cox. 2008. Lehninger Principles of Biochemistry. Page 723. 

3.1. Methods for quantifying mitochondrial function 

Measuring O2 tensions is the gold standard for analyzing mitochondrial function. 103 

Modern respirometers use oxygen electrodes with higher sensitivity and throughput than 

original Clark-type electrodes. 104-106 Whole cells or intact mitochondria can be analyzed 

to determine cellular respiration or intrinsic mitochondrial function. 107 Chemical fuels, 

inhibitors, and uncouplers are sequentially titrated to probe specific complexes in the 

ETC. 108 Figure 4 depicts inhibitors of the mitochondrial ETC in red, a chemical 

uncoupler, carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP) in orange, 

and electron donors and ETC stimulators in green. Oligomycin inhibits the F0 subunit of 

ATP synthase, allowing the approximation of proton leak across the inner membrane 

since residual respiration cannot phosphorylate ADP. Antimycin-A inhibits complex III 

of the ETC and blocks respiration. The respiratory control ratio (RCR) is the ratio of 

maximal, induced by ADP or FCCP, and residual respiration in the absence of ADP, or a 

similar state induced by oligomycin. This informs on mitochondrial quality and coupling. 
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109 Because isolating intact mitochondria can impair respiration, quality of the preparation 

should be assessed by RCR. 110 An alternative method is to use intact or permeabilized 

cells. Mild detergents, such as digitonin or saponin, permeabilize cells to maintain the 

mitochondrial structure. This allows the use of substrates that otherwise do not permeate 

the intact plasma membrane. Thus, specific substrates for complex I or II OXPHOS can 

be used to determine relative contributions of each. Using intact or permeabilized cells, 

basal can be subtracted from maximal respiration to provide the reserve respiratory 

capacity, which informs on the ability of cells to increase bioenergetic function if there is 

demand. 111 Finally, fatty acids and ADP are used to study effects of various fuels on 

cellular respiration. The use of different tissue preparations across labs complicates data 

comparison. Using ratios, such as RCR or the bioenergetic health index (BHI), helps to 

compare data more reliably. 112 Another measure of mitochondrial function uses 31P 

magnetic resonance spectroscopy (MRS) to determine the ratio of phosphocreatine to 

phosphate to determine phosphocreatine decay. 113 While MRS may provide more 

physiologically accurate measures of basal ATP production because it is an in vivo 

measure, chemical uncouplers and inhibitors cannot be used which limits information of 

specific ETC complexes. Additional measurements, such as mitochondrial membrane 

potential which may affect mitochondrial function can be analyzed using fluorescent 

probes such as TMRE or TMRM. 114 Quantification of enzyme activities using 

commercially available kits can also inform on the individual ETC enzymes, but because 

respirometry is becoming more common, these are used more as supporting data. 

Furthermore, gene and protein expression by quantitative polymerase chain reaction 

(qPCR) and immunoblot can support functional assays.  
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Figure 4. A depiction of the action of inhibitors to the electron transport chain  

 
Adapted from Marci M. et al. 2006. Am. J. Physiol. Heart Circ. Physiol. H1549-H1557. 

3.2. Mitochondria and aging 

Mitochondria have been implicated in aging for many years. Skeletal muscle 

mitochondria have been studied extensively because strength and physical ability decline 

in aging. 115 Skeletal muscle is relatively easy to biopsy in sufficient quantities in 

humans. Skeletal muscle mitochondria demonstrate age-related declines in ETC enzyme 

activities 116-118, ATP production 117;119, respiratory function 117;119-121, mtDNA content 

117;122, biogenesis 118, and increased DNA damage 117;123. Although it is debated whether 

reduced mitochondrial function is due to age or age-related disease, these studies 

convincingly show that mitochondria are altered with age. Three main areas of focus 

concerning mitochondrial biology and aging are mitochondrial: 1) abundance or content, 

2) quality, and 3) function. Lower mitochondrial content or a high proportion of 

dysfunctional or low quality mitochondria would lower ATP output. Mitochondria are 

not static organelles. A complex quality control system regulates fusion and fission and 
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regenerates healthy mitochondria or culls dysfunctional organelles to recycle their 

macromolecules. Mitochondrial function is variable and can increase or decrease energy 

production depending on metabolic demand. Mitochondrial content, quality, and function 

are highly interdependent and aging affects each of these. If mitochondrial content 

doubles but energy demand remains the same, function of individual mitochondria can 

reduce. 124 Mitochondrial biology is most studied in skeletal muscle, but mitochondria are 

important in nearly all tissues. Our current understanding of how aging affects 

mitochondrial content, quality, and function will be expanded in the following sections. 

3.2.1. Mitochondrial respiratory function and aging 

It was proposed that mitochondrial function in aging is most affected in metabolically 

active tissues, such as muscle, brain, liver, and kidney. 124;125 Mitochondrial reserve 

respiratory capacity is reduced with age in brain, heart, and skeletal muscle. 111 Skeletal 

muscle OXPHOS has been estimated to decline by ~8% per decade 126, and bioenergetic 

decline in skeletal muscle in humans is associated with aging. 117;127 Recently, it has been 

suggested that skeletal muscle mitochondrial respiration tracks more closely with 

cardiorespiratory fitness rather than chronological age. 128 Studies with matched physical 

activity levels suggest true age-related reductions in mitochondrial function. 118;129;130 

Whether this will be replicated is unclear but this is an important question as fitness is a 

major determinant of biological age. Speakman et al. showed that longest lived wild-type 

mice have higher resting oxygen consumption rates (OCRs), proton leak, and natural 

uncoupling than those with the shortest lifespans. 134 Aside from muscle, lower 

mitochondrial function has been reported in brain 131;132 and liver 133 of rats. There are 

few reports on mitochondrial function in blood cells, but Shi et al. showed no difference 
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in platelet ATP content and higher membrane potential in young versus older adults. The 

dye can be difficult to interpret because tetraethylbenzamidazolylcarbocyanine iodide 

(JC-1) is cationic and slowly permeates the plasma membrane leading to nonspecific 

fluorescence. 135 This was a cross-sectional study that was completed at the end of life, 

not tracked with age. It is clear that mitochondrial dysfunction is associated with aging, 

but the underlying mechanisms remain unclear. Logic reasons that reduced mitochondrial 

content is responsible because fewer mitochondria would result in less OXPHOS 

globally; however, an added dimension is that redox damage greatly affects mtDNA, 

leading to an accumulation of mtDNA mutations that build up to a threshold and 

ultimately can result in bioenergetic dysfunction. An added dimension is that if ROS 

damage and mtDNA mutations accumulate, mitochondrial dysfunction would not be 

evident if mitochondrial quality control functions at a sufficient level to cope with the 

stress. Mitochondrial dysfunction likely results from these processes occurring 

simultaneously. Future work will need to determine the relative importance of each. 

3.2.2. Mitochondrial content and aging 

The mitochondrial content in cells or tissues is a major determinant of the energetic 

homeostasis of that tissue. Mitochondrial content measured by the number of mtDNA 

copies per cell correlates with respiratory function 136, and normal mitochondrial function 

can exist despite reduced expression of mitochondrial biogenesis genes like peroxisome 

proliferator activated receptor gamma co-activator 1 alpha (PGC1α). 137 Mitochondrial 

biogenesis is the process by which mitochondria grow and divide. The AMP-activated 

protein kinase (AMPK) is an energy sensor that regulates PGC1α, which subsequently 

activates the nuclear respiratory factors 1 and 2 and the mitochondrial transcription factor 
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A (TFAM). Together, these help replicate and transcribe mtDNA, regulate fusion and 

fission events, and import proteins encoded by nDNA. Mitochondrial biogenesis leads to 

increased mitochondrial content, and in aging, mouse models commonly correlate 

reduced skeletal muscle content of mtDNA or reduced ETC protein expression with 

reduced OXPHOS and ATP production with age. 138;139 ETC enzyme protein expression 

can report on mitochondrial mass as well as voltage-dependent anion channel 1 

(VDAC1), a housekeeping gene. Some studies show downregulation of ETC complexes, 

specifically complexes I and IV with age in human and non-human primate skeletal 

muscle. 117;140;141 More evidence demonstrates reduced mitochondrial number via mtDNA 

and mitochondrial volume in old versus young adults. 121;142-144 Greater mitochondrial 

content has also been found with aging, but mitochondria were abnormal in appearance 

and function, indicating increased content may have been an attempt to combat reduced 

ATP production. 145 A novel chip-based qPCR method to quantify absolute mtDNA copy 

number versus nDNA showed an age-related increase in mitochondrial content but did 

not assess mitochondrial quality or volume. 146 Many studies focus exclusively on muscle 

tissue, but some studies also show reduced mitochondrial content in liver 122 and blood 

cells 147. A biphasic correlation between mtDNA in human leukocytes with age showed 

that mtDNA copies increased until middle age and decreased thereafter 148; however, 

another study showed no correlation in leukocyte mtDNA with age. 149 The latter 

included women aged 51-72 years and found an association between mtDNA with 

femoral neck bone mineral density which also associated with age. 150 Drosophila 

melanogaster and caenorhabditis elegans have reduced mitochondrial gene transcripts 

with age. 151;152 Taken together, mitochondrial content appears to decline with age, most 
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definitively in skeletal muscle but also in other tissues and models; however, due to the 

dynamic range of the output of ATP of mitochondria, it is unlikely that mitochondrial 

content is the sole mediator of aging or the bioenergetic decline that accompanies it.  

3.2.3. Mitochondrial dynamics, mitophagy, and aging 

The regulatory system controlling mitochondrial architecture and morphology is 

mitochondrial dynamics. Mitochondria undergo fusion and fission events with other 

mitochondria, resulting in mtDNA exchange. This alters the dynamics of mitochondria 

and can regulate mitochondrial biogenesis and autophagy (mitophagy). This is used to 

remove dysfunctional or damaged mitochondria to re-use their chemical components 

elsewhere. 153 The mitochondrial network maintains mitochondrial function and mtDNA 

integrity, which is necessary given the high occurrence of mtDNA mutations. 61;154 In 

beta-islet cells, under hyperglycemic conditions, characteristic of uncontrolled type-2 

diabetes, mitochondrial fission outweighs fusion, leading to fragmented mitochondria. 

155;156 In skeletal muscle of aged mice, greater expression of mitochondrial fusion 

proteins such as mitofusin 1 and 2 (Mfn1, Mfn2) outweighs fission proteins such as 

fission protein 1 (Fis1), leading to a reduction in autophagy and a fused web of 

mitochondria. 154 Impaired mitophagy accompanies aging; however, evidence also 

suggests exacerbated fission events occur with age-related diseases. 157;158 Imbalanced 

fusion and fission causes dysfunctional mitochondria, possibly by accumulation of 

mutated mtDNA or reduced ATP output. 159 Some lifespan extension treatments like 

inhibiting mTOR can also induce autophagy. 160 Because dysfunctional or depolarized 

portions of the mitochondrial network are not segregated away via fission, they cannot be 

removed from the pool of mitochondria via mitophagy. While it is possible to repair 
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dysfunctional mitochondria by fusion, termed "complementation", apoptosis is more 

common in highly fused mitochondrial networks. 161;162 By remaining tightly fused, the 

entire mitochondrial network becomes more dysfunctional, which alters OXPHOS and 

energy homeostasis. PGC1α, which regulates mitochondrial biogenesis and function, can 

also regulate mitochondrial dynamics. PGC1α is thought to associate with frailty, but 

whether it declines with age must be confirmed. 163 Although fusion appears to dominate 

during intrinsic aging, fission may increase in certain disease states, and overshadowing 

this, tissue specific differences may exist. Clearly, any imbalance can be detrimental.  

3.3. Physical function, aging, and mitochondria 

A defining feature of biological age is physical ability. Measures of physical function, 

specifically in lower extremities, predict disability and universally decline with age, 

implicating physical ability as a healthspan determinant. 164-167 Physical inactivity 

increases mortality risk by 2.18 times compared with physically active adults 168, and 

physical function is related to many activities of daily living (ADLs) in older adults. Gait 

speed is the strongest physical function predictor of survival in older men and women. 

169;170 Another common measure is the short physical performance battery (SPPB) which 

is a composite score of various physical function tasks, including walking, that also 

declines with age. 171;172 Roughly 90% of the energy for human movement comes from 

mitochondria, thus physical function depends on mitochondrial function. 173 Maximal 

ATP production measured by P31 MRS is associated with VO2max 113;128 and gait speed 

113;174. Expression of PGC1α protein also correlates with gait speed in older adults. 175 

Maintaining strength is also important in aging, underlying both the SPPB and gait speed 

tests, and leg and grip strength as well as muscle mass decline with age. 165;176;177 A 
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recent report highlights that healthy octogenarians have greater force per unit compared 

to 20-year olds despite reduced strength. 178 Mechanisms behind strength loss with age 

appear to be a combination of muscle fiber type changes, fat accumulation in muscle, 

mitochondrial redox dysregulation, and reduced mitochondrial biogenesis resulting in 

reduced force per muscle fiber. 179;180 Male athletes with mean age of 63 years appear to 

have lower mitochondrial content than those with mean age of 26 years. This was 

accompanied by an 11% lower VO2max in the older group. 181 Recreationally active 

older adults preserve mitochondrial content, respiratory capacity, and endogenous 

antioxidant defense compared with sedentary counterparts. 180 Clearly, greater 

cardiorespiratory health relates to greater mitochondrial content and function. Although 

muscle mass and physical function consistently decline with age, effective measures of 

physical function in older populations and strategies to improve and maintain physical 

function into old age have been developed. These can successfully improve physical 

ability; however, reliable markers of biological age and healthspan are still lacking. 

3.4. Adiposity, aging, and mitochondria 

Obesity prevalence also increases with age 182 and associates with cardiovascular disease, 

diabetes, physical function decline, sarcopenia, frailty, and mortality. 65;183-187 Obesity is 

defined as having a body mass index (BMI) greater than 30kg/m2. Excess adiposity in the 

obese state exacerbates chronic inflammation 188;189; however, heterogeneity of fat 

distribution also plays a role. Excess subcutaneous 190, intermuscular 191, and 

intramyocellular 191 lipid accumulation impairs muscle function. This leads to reduced 

contractile force in individual muscle fibers and impairs gait speed. 192 Overweight and 

obese older adults have more type-I muscle fibers with greater cross-sectional area; 
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however, fibers produce ~50% less power. Intramyocellular fat is thought to mediate 

sarcopenia associated with obesity. Obesity also affects skeletal muscle mitochondrial 

function. Using permeabilized skeletal muscle fiber bundles (PmFBs), which maintains 

the mitochondrial architecture within muscle fibers, Vijgen and others found that skeletal 

muscle OXPHOS is reduced in middle-aged men with abdominal obesity. 193;194 Activity 

of ETC enzymes and gene expression of complexes III and IV are also reduced in obese 

versus lean while CS activity, a marker for mitochondrial mass in skeletal muscle, 

increased. 195;196 Few studies have examined the impact of obesity on mitochondria in the 

elderly; however, skeletal muscle CS but not respiratory capacity negatively correlates 

with BMI and adiposity. This suggests that intrinsic mitochondrial function may be 

unrelated to adiposity but mitochondrial function at the tissue level may still be impaired 

in older adults. 197 Furthermore, visceral and subcutaneous adipose are potent sources of 

proinflammatory cytokines including IL-6 and IL-8. 198 Adipose tissue from obese 

individuals expresses greater levels of TNFα and IL-6 protein and is thought to produce 

"danger signals" which activate the Nlrp3 inflammasome, further aggravating the 

inflammatory state. 39;199 Of these signals, oxidative stress increases systemically with 

obesity, possibly via mechanisms of dysregulated NADPH oxidase in adipocytes and via 

a protein kinase c (PKC) pathway. 95;200 Although gluteofemoral adipose produces more 

IL-6 and has greater IL-6 gene expression than abdominal adipose, the latter associates 

with more metabolic risk factors. 201;202 Distribution of fat affects its secretory function. 

203 Individuals carrying fat with a pear-shaped distribution, less abdominal fat and greater 

thigh fat, have lower cardiometabolic risk compared with apple shaped individuals. 204 

This may be due to differences in microenvironment and disproportionate production of 



23 

 

proinflammatory versus anti-inflammatory cytokines in each adipose depot. 185;203 Further 

research should characterize the effects of body fat distribution on mitochondrial function 

of various tissues in the elderly. 

3.4.1. Exercise and weight loss intervention to promote healthspan 

Aerobic and resistance exercise are prescribed by the American College of Sports 

Medicine and the American Heart Association to improve physical function 205, and 

weight loss via combined caloric restriction and exercise is recommended for obesity. 183 

Although unintentional weight loss is a defining feature of frailty 206;207, intentional 

weight loss induces a variety of improvements in cholesterol level, hemoglobin A1c, and 

cardiorespiratory fitness. 208 A recent meta-analysis of 15 randomized controlled trials 

showed that intentional weight loss provides a 15% reduction in all-cause mortality in the 

obese 209, which may benefit many older adults because roughly 75% of older men and 

women are either overweight or obese. 182 An 18-month study showed that exercise alone 

is insufficient to produce weight loss 213; however, in mice, exercise can prevent diet-

induced obesity. 214 Additionally, combined exercise and weight loss can lower leptin and 

IL-6 levels more than exercise alone. 215 While dietary restriction produces weight loss on 

its own, exercise provides additional benefits, primarily by improving the 

proinflammatory state. 216;217 The Lifestyle Interventions and Independence for Elders 

Pilot study (LIFE-P) and others show that exercise training increases muscle mass, 

strength, and physical function in older adults. 218;219 Two years later, participants in the 

exercise group maintained greater SPPB and gait test scores versus the control group. 220 

Aerobic training improves mobility and aerobic power, which can improve in older adults 

to a similar degree as young counterparts. 221-223 Although effects of exercise are well 
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documented, some older adults may find little to no benefit to exercise training as large 

heterogeneity in response to exercise, especially resistance training, exists. 224 

Heterogeneity is independent of age, race, gender, and even compliance; and the 

mechanisms behind non-responsiveness to training remains unclear. Understanding 

mechanisms behind the beneficial effects of weight loss and exercise could prove useful 

in prescribing effective personalized interventions for older adults. 

3.4.2. Mitochondrial response to weight loss and exercise 

Mitochondrial function underlies physical ability, and as early as 1967, Holloszy showed 

that exercise by treadmill training can increase mitochondrial ETC enzyme function 2-

fold, accompanied by a 60% increase in mitochondrial mass. 225 Studies have confirmed 

this, showing endurance exercise increases: mtDNA repair mechanisms, respiration, 

citrate synthase (CS) activity, complex IV activity, and ETC gene expression. 226 

Evidence also suggests exercise may create an anti-apoptotic environment in skeletal 

muscle 227 with reduced inflammation. This may be mediated by reduced mtDAMP 

production, leading to lower activation of the Nlrp3 inflammasome. 228 Endurance 

exercise also increases PGC1α expression and 2 downstream targets, TFAM and nuclear 

factor (erythroid-derived-2)-like 2 (Nrf2). 116;142;229;230 Nrf2 has potent antioxidant effects 

26, which may increase in response to the acutely increased ROS production during 

endurance exercise. 79;231 Overexpression of PGC1α, can prevent age-related muscle 

atrophy 232, possibly due to altered respiration and mitochondrial dynamics. 233 Exercise 

can modulated mitochondrial dynamics; although, the response may be blunted in older 

adults. 234;235 Endurance training appears to have greater effect on mitochondria from 

young rather than older adults. 236 In cardiac tissue, aerobic exercise can reduce the 
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probability of opening the mitochondrial permeability transition pore, an event which 

leads to cell death 237;238; however, this was absent in skeletal muscle. 239 In neurons and 

skeletal muscle, exercise activates NAD-dependent deacetylase sirtuin-3 (SIRT3), which 

is localized to mitochondria and provides redox and metabolic stress resistance. 144;240 

Activation of SIRT3 may enhance hematopoietic stem cell regeneration. 241 Caloric 

restriction appears to have beneficial effects similar to exercise, and in mice it increased 

mitochondrial respiration, primarily by increasing fatty acid oxidation. 242 Human HeLa 

and hepatocyte cells cultured in serum from rats on a 40% calorie restricted diet for 6-12 

months versus serum from rats fed ad libitum had decreased ROS production and 

increased mitochondrial mass. 243 A study comprising 4 strains of male and female mice 

fed either: ad libidum, 20% caloric restriction, or 40% caloric restriction with 

unprecedented group sizes of n=50 or more attempted to understand sex-, strain-, and 

dose-specific effects in aging mice. 244 20% caloric restriction was sufficient to 

significantly reduce IGF-1, increase skeletal muscle mitochondrial mass, increase fatty 

acid oxidation, increase ETC complex expression, and increase autophagy for nearly all 

sexes and strains. 244 By combining exercise and dietary restriction, obese men and 

women were shown to decrease body weight by 5.7 to 8%, increase muscle ETC activity 

by ~60%, increase mitochondrial content by ~20%, and increase fat oxidation at rest by 

25%. 143;245 Another study of obese adults who decreased body weight by ~16% via 

bariatric surgery also significantly increased fatty acid oxidation in muscle. 194 These 

studies included middle-aged adults, so the aging effect was not determined. Currently, 

knowledge regarding the effects of exercise and dietary restriction on mitochondria in 

tissues other than skeletal muscle is lacking. Weight loss achieved through caloric 
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restriction with or without exercise or by surgical means improves skeletal muscle 

mitochondrial function by increasing mitochondrial biogenesis, mitochondrial mass, 

respiration, endogenous antioxidant defenses, and mitophagy. These appear to be 

mediated by reduced ROS production except during exercise and reduced inflammation.  

3.5. Systemic mitochondrial health 

Due to the number of chronic diseases associated with aging that affect mitochondrial 

function, a mitochondrial marker to report on systemic mitochondrial health and 

biological age would be clinically useful, but it must be objective, reproducible, and 

easily accessible. Thus, a blood test providing a mitochondrial signature would be ideal. 

Research in this area revealed that platelet mtDNA heteroplasmy and somatic mtDNA 

mutation load in HealthABC study participants correlates with the modified mini-mental 

state examination (MMSE) score, hearing, and gait speed. 62 In diabetics, there are 

relationships between platelet and monocyte bioenergetic function with circulating 

biomarkers such as inflammatory cytokines. 73;246 Mitochondrial dysfunction in platelets 

and leukocytes are found in those suffering from diabetes 247, lupus 248, sepsis 249, 

Alzheimer's disease 250, and HIV infection 251. Monocyte bioenergetic function was 

recently shown to sensitively track with induced redox stress. 252 Current assays for 

bioenergetic function in blood cells can be completed within 3-4 hours, providing a 

relatively quick diagnostic. 253 Many studies describe effects of age or intervention on 

inflammatory cytokines, redox stress, and metabolic stress factors in muscle, which affect 

aspects of mitochondrial biogenesis, abundance, quality, and mtDNA mutation load, 

ultimately manifesting as deficits in respiration. It is less clear how these affect 

mitochondrial biology in blood cells, but multiple lines of evidence suggests that blood 
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cells may recapitulate muscle mitochondrial function because blood cells are constantly 

exposed to the same systemic factors affecting muscle. 112;147;254-256 Analysis of cellular 

respiration in blood cells may report on systemic biological health in older adults. 254  

4. Statement of research intent 

The purpose of this project was to understand and develop a readily available, objective, 

and reliable index of mitochondrial health related to aging and age-related diseases. We 

hypothesized that bioenergetic function of blood cells are reliable and correlate with 

bioenergetics of other metabolically active tissues (Specific Aim 1). Blood cell 

bioenergetic profiles from peripheral blood mononuclear cells (PBMCs) and platelets 

reliably produce similar OCRs within a 1-week period, and platelet and monocyte 

bioenergetics significantly correlate with bioenergetics of skeletal and cardiac muscle. 

Because it is known that skeletal muscle mitochondrial function relates to physical 

function, we hypothesized that blood cell respiration would correlate with measures of 

physical function and strength in older adults (Specific Aim 2). We demonstrate that 

PBMC bioenergetic capacity correlates with gait speed, Ex-SPPB, leg strength, grip 

strength, and plasma IL-6 level in obese older adults, concluding that blood bioenergetic 

measures relate to many of the same measures that muscle mitochondrial function does. 

Because diet and exercise are commonly prescribed interventions for age-related 

diseases, the next step was to identify the effects on blood cell bioenergetics, which we 

expected to be similar to effects on muscle mitochondria (Specific Aim 3). In response to 

resistance training (RT) and RT with weight loss (RT_WL), PBMC respiration decreased 

significantly in overweight and obese older adults despite no change to mitochondrial 

content, measured by mtDNA copy number. Greater fat mass loss correlated with greater 
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reduction in maximal OCR and reserve respiratory capacity. Additionally, baseline 

PBMC respiration predicted fat loss. In summary, this thesis addresses considerable gaps 

in knowledge by determining that blood cell bioenergetics correlates with mitochondrial 

function in muscle, physical function, strength, inflammatory status, and weight loss, 

providing evidence to support the use of circulating blood cell bioenergetic function to 

provide a biomarker for translational research and clinical use in aging.  
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Abstract: Blood based bioenergetic profiling strategies are emerging as biomarkers for 

systemic mitochondrial function; however, the extent to which these measures reflect the 

bioenergetic capacity of other tissues is not known. The premise of this work is that 

highly metabolically active tissues, such as skeletal and cardiac muscle, are susceptible to 

differences in systemic bioenergetic capacity.  Therefore, we tested whether the 

respiratory capacity of blood cells, monocytes and platelets, are related to 

contemporaneous respirometric assessments of skeletal and cardiac muscle mitochondria. 

18 female vervet/African green monkeys (Chlorocebus aethiops sabaeus) of varying age 

and metabolic status were examined for this study. Monocyte and platelet maximal 

capacity correlated with maximal oxidative phosphorylation capacity of permeabilized 

skeletal muscle (R=0.75, 95% confidence interval [CI]: 0.38-0.97; R=0.51, 95%CI: 0.05-
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0.81; respectively), isolated skeletal muscle mitochondrial respiratory control ratio (RCR; 

R=0.70, 95%CI: 0.35-0.89; R=0.64, 95%CI: 0.23-0.98; respectively), and isolated 

cardiac muscle mitochondrial RCR (R=0.55, 95%CI: 0.22-0.86; R=0.58, 95%CI: 0.22-

0.85; respectively). These results suggest that blood based bioenergetic profiling can be 

used to report on the bioenergetic capacity of muscle tissues. Blood based respirometry 

represents an attractive alternative to tissue based assessments of mitochondrial function 

in human studies based on ease of access and the minimal participant burden required by 

these measures. 

Keywords: mitochondria, bioenergetics, blood cells, muscle, cellular respiration 

Abbreviations: ACD – acid citrate dextrose, BMI – body mass index, BSA – bovine 

serum albumin, CP – Chappell-Perry buffer, CII – complex 2, EGTA – triethylene glycol 

diammine tetraacetic acid, ELISA – enzyme-linked immunosorbent assay, ETC – 

electron transport chain, FCCP – Carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone, HOMA-IR – homeostatic model assessment of 

insulin resistance, MAS – mannitol and sucrose buffer, MAX – maximal FCCP-linked 

bioenergetic capacity, MES – 2-(N-morpholino)ethanesulfonic acid, O2k – Oroboros 

Oxygraph 2K, OXPHOS – oxidative phosphorylation, PBS – phosphate buffered saline, 

PGE1 – prostaglandin E1, PmFBs – permeabilized fiber bundles, RCR – respiratory 

control ratio, SD – standard deviation, XF – extracellular flux 
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Highlights 

 We show relationships between blood cell respiration and muscle respiration. 

 Cellular respiration of monocytes and platelets correlates with respiration of 

permeabilized skeletal muscle. 

 Cellular respiration of monocytes and platelets also correlates with respiratory control 

ratio of mitochondria isolated from skeletal and cardiac tissues. 

 Blood cells may provide a minimally invasive surrogate for muscle bioenergetics. 

 

Graphical Abstract: 
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1. Introduction 

Mitochondrial dysfunction is well recognized to play a key role in a wide variety of 

diseases, particularly those associated with aging. For this reason, assessments of 

mitochondrial function have long been proposed to have significant diagnostic and 

prognostic applications. There is mounting evidence that blood cells can report on 

systemic mitochondrial function. Diabetes, atherosclerosis, and neurodegeneration are all 

related to the deterioration of various mitochondrial parameters in multiple cell types, 

including leukocytes and platelets [1-4]. Changes in mitochondrial DNA (mtDNA), 

mitochondrial enzyme activity, and electron transport chain (ETC) activity measured in 

peripheral blood mononuclear cells, monocytes, lymphocytes, and platelets have been 

associated with mortality, diabetes, HIV, cardiovascular disease, Parkinson’s disease, 

Alzheimer’s disease, cancer, inflammation, cognition, Huntington’s disease, sepsis, and 

fibromyalgia [1, 5-18]. More recently, blood based bioenergetic profiling strategies 

centered on cellular respirometry have been associated with key features of aging such as 

gait speed, physical function decline, inflammation, and depression [19-21]. 

Blood based measures of mitochondrial function may provide a minimally 

invasive test that is particularly well suited for diagnostic use. In addition, these measures 

are highly amenable for use in large scale clinical trials, including those with serial 

longitudinal assessments, because they require minimal patient burden and cost compared 

to biopsy based measures of mitochondrial function. Blood based bioenergetic profiling 

strategies are also well suited for use in older adults who often present with multiple 

contraindications to biopsy. However, little is known about whether these blood based 
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measurements are able to recapitulate measures of mitochondrial function performed in 

other tissues.  

In this study, we examined the relationships of monocyte and platelet 

mitochondrial respiration with assessments of mitochondrial function performed in 

muscle tissues. We focused on skeletal and cardiac muscle because age-related 

bioenergetic decline is thought to be most significant in highly metabolically active 

tissues and based on our previous findings that blood based respirometry is positively 

correlated with measures of physical function and strength in human subjects [20]. For 

example, skeletal muscle from older adults is reported to have reduced ATP production, 

maximal bioenergetic capacity, and mitochondrial content compared to younger 

counterparts [22]. In addition, cardiac tissue oxidative capacity and phosphocreatine/ATP 

ratio are reduced in the earliest stages of heart failure in humans [23], which is further 

impaired by diabetes and obesity [24, 25]. These are similar to findings from rodent 

models [26, 27]. The use of a non-human primate model provided us with reliable access 

to heart and skeletal muscle tissue and sufficient volumes of blood to allow the analysis 

of multiple blood cell populations. Vervet macaques are susceptible to naturally 

occurring changes in body composition [28], physical function [29], and chronic diseases 

ranging from obesity [30], diabetes [31], and heart disease [32] as they age in a manner 

similar to humans [33]. The present study utilized a group of female vervet macaques 

specifically selected to represent a wide range of metabolic health status and insulin 

resistance as well as body mass indices from lean to obese across young and old age 

groups. This design was utilized in order to maximize the potential bioenergetic 

differences between animals.  
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Blood cell respiration was compared to skeletal muscle mitochondrial function in 

two ways. Vastus lateralis muscle fibers were permeabilized and analyzed by 

respirometry [34] to examine bioenergetic capacity in a manner that maintains potential 

differences in mitochondrial content and architecture [35]. In addition, we examined 

respiratory control in isolated vastus lateralis mitochondria [36] to determine whether 

blood based measures might be related to differences in intrinsic electron transport chain 

function. Similar methods using isolated organelles were carried out for analysis of 

cardiac muscle mitochondrial function. Our previous work showing an inverse 

relationship between cellular respiration of blood cells and plasma interleukin-6 level 

informed our hypothesis. [20] Because blood cells, such as monocytes and platelets, are 

continuously exposed to circulating factors like inflammatory cytokines, redox stress 

[37], and recently described mitokines [38]; which are known to affect mitochondrial 

biology; respirometric analyses of these cells will recapitulate differences in systemic 

bioenergetic capacity.  

2. Materials and Methods 

2.1 Animal Participants 

This study included 9 young adult (8.2-13.5 years) and 9 old (19.5-23.4 years) 

female vervet/African green monkeys (Chlorocebus aethiops sabaeus). The monkeys 

originally lived in stable social groups of 11-49 in indoor-outdoor housing units with 

approximately 28 m2 indoors and 111 m2 outdoors which contained perches, platforms, 

elevated climbing structures and a base composed of smooth stones. Seven of the 18 

animals were moved to indoor housing (pair- or individually-housed) prior to study 

initiation. All animals were fed a standard monkey chow diet (LabDiet 1538), 
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supplemented with fruits and vegetables 5 times per week. Water was available ad 

libitum. Blood samples were obtained from anesthetized animals immediately prior to 

necropsy, and the harvest of skeletal and cardiac muscle tissues. Euthanasia was carried 

out with IM ketamine (10-15 mg/kg) followed by IV sodium pentobarbital (60-100 

mg/kg) to attain deep surgical anesthesia and exsanguination in accordance with 

guidelines established by the Panel on Euthanasia of the American Veterinary Medical 

Association. All procedures were approved and performed according to the guidelines of 

state and federal laws, the US Department of Health and Human Services, and the 

Animal Care and Use Committee of Wake Forest School of Medicine.  

2.2 Body Mass Measurements 

BMI was estimated as the ratio of body mass to the square of trunk length 

measured from the suprasternal notch to the pubic symphysis using an electronic caliper 

(in kg/m2) and was calculated 4 months prior to necropsy while weight was measured at 

the time of necropsy [39].  

2.3 Insulin, Glucose, and Insulin Sensitivity Measurements 

Fasting glucose was determined using reagents and instrumentation (ACE 

ALERA autoanalyzer) from Alfa Wasserman Diagnostic Technologies (West Caldwell, 

NJ).  Insulin was determined by an enzyme-linked immunosorbent assay (ELISA; 

Mercodia, Uppsala, Sweden). All analyses were performed in the Wake Forest 

Comparative Medicine Clinical Chemistry and Endocrinology Laboratory 4 months prior 

to necropsy. Homeostatic model of insulin resistance (HOMA-IR) = [mg/dL fasting 

glucose X mIU/L fasting insulin]/405) was used as an estimate of insulin resistance [40]. 
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2.4 Isolation of Blood Cells 

Blood (8 ml) was collected from fasted monkeys into acid citrate dextrose (ACD) 

tubes (Vacutainer; Becton Dickinson, Franklin Lakes, NJ) and processed immediately to 

obtain platelet and CD14+ monocyte preparations. Platelets and CD14+ monocytes were 

isolated using methods similar to those described by Chacko et al. [41]. Briefly, whole 

blood in ACD tubes was centrifuged at 500xG for 15 minutes at room temperature with 

the brake off. Platelet rich plasma was removed and platelets were isolated by 

centrifugation at 1500xG for 10 minutes, washed in phosphate-buffered saline (PBS) with 

prostaglandin E1 (PGE1; Cayman Chemical, Ann Arbor, MI), and resuspended in 

extracellular flux (XF) assay buffer (Seahorse Biosciences, North Billerica, MA) 

containing 1 mM Na+-pyruvate, 1 mM GlutaMAX (Gibco, Grand Island, NY), 11 mM d-

glucose, and PGE1 (pH 7.4) for respirometry experiments. The buffy coat layer was 

extracted, diluted 4x in RPMI 1640 (Gibco) and layered onto 3mL of polysucrose 

solution at a density of 1.077g/mL (Sigma Histopaque®-1077, St. Louis, MO) in 15mL 

centrifuge tubes and centrifuged at 700xG for 30 minutes with no brake. The buffy coat 

layer was obtained, washed in PBS, and divided into 2 tubes. CD14+ monocytes were 

isolated from 1 tube using CD14-labeled magnetic microbeads (Miltenyi Biotec, San 

Diego, CA) according to manufacturer instructions using modified RPMI 1640 + fatty-

acid free bovine serum albumin (BSA) media. Monocytes were washed in modified 

RPMI 1640 media and resuspended in XF assay buffer without PGE1 for respirometry 

experiments. 
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2.5 Respirometry of Blood Cells 

A total of 250,000 monocytes and 25,000,000 platelets per well were plated in 

quadruplicate in the Seahorse microplate. Bioenergetic profiling using selected inhibitors 

and uncoupler have previously been described [42]. Briefly, basal oxygen consumption 

rate (OCR) measures were monitored while the cells respired in XF assay buffer, 

followed by sequential additions of oligomycin (750 nM), carbonyl cyanide-4-

(trifluoromethoxy) phenylhydrazone (FCCP; 1 μM), and antimycin-A + rotenone (A/R; 

both 1 μM) (all from Sigma) with measurements taken after each addition. MAX OCR 

was calculated after addition of FCCP, a potent mitochondrial uncoupler. The use of 

FCCP as a chemical uncoupler allows us to estimate maximal ETC activity and the 

supply of substrates available for respiration. Reserve capacity was calculated as the 

difference between MAX and the basal OCR [43, 44]. The difference between the 

measurement taken after the oligomycin addition (oligo) and the A/R addition is reported 

as the leak respiration and the difference between basal and oligo is the OCR attributed to 

ATP [45]. Platelet respiration was normalized to mg protein, determined by Pierce BCA 

assay (ThermoFisher Scientific, Grand Island, NY). 

2.6 Preparation of Permeabilized Skeletal Muscle Fiber Bundles 

Approximately 1g of skeletal muscle tissue was obtained immediately after 

euthanasia. A portion of each muscle sample was immediately placed in ice-cold buffer X 

(50 mM K-MES, 7.23 mM K2EGTA, 2.77 mM CaK2EGTA, 20 mM imidazole, 20 mM 

taurine, 5.7 mM ATP, 14.3 mM phosphocreatine and 6.56 mM MgCl2.6H2O, pH 7.1) for 

preparation of permeabilized muscle fiber bundles (PmFBs), as previously described 

[46]. About 2-4 mg fiber bundles were separated along the longitudinal axis using needle-
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tipped forceps under magnification, permeabilized with saponin (30 μg mL-1) for 30 min 

at 4°C, and subsequently washed in ice-cold buffer Z (105 mM K-MES, 30 mM KCl, 1 

mM EGTA, 10 mM K2HPO4, 5 mM MgCl2.6H2O, 0.5 mg mL−1 BSA, pH 7.4) for ∼15 

min prior to analysis. At the conclusion of each experiment, PmFBs were washed in 

double-distilled H2O to remove salts, dried under vacuum, and weighed. Typical fiber 

bundle sizes were 0.2–0.6 mg dry weight.  

2.7 Respirometry of Permeabilized Skeletal Muscle Fiber Bundles 

High-resolution O2 consumption measurements were conducted in 2 mL of buffer 

Z containing 20 mM creatine and 25 μM blebbistatin to inhibit contraction [46] using the 

OROBOROS Oxygraph-2k (O2k; Oroboros Instruments, Innsbruck, Austria) [34]. 

Polarographic O2 measurements were acquired at 2-second intervals with the steady state 

rate of respiration calculated from a minimum of 40 data points and expressed as pmol 

second−1 per mg dry weight. All respiration measurements were conducted at 37°C and a 

working range [O2] of ~350–180 μM. Respiration was measured in duplicate as follows: 

2 mM malate (leak), 5 mM ADP, 5 mM pyruvate, 10 mM glutamate (complex I 

OXPHOS substrates), followed by sequential additions of 10 mM succinate (complex II 

OXPHOS substrates), 1 μM cytochrome c to test for mitochondrial membrane integrity, 

and sequential titrations of 1 mM FCCP (MAX), and 2.5 μM antimycin-A + 0.5 μM 

rotenone (non-mitochondrial respiration). 

2.8 Isolation of Mitochondria from Skeletal and Cardiac Muscle 

Mitochondria were isolated as previously described [36, 47] from both skeletal and 

cardiac muscle. For each animal, ~50 mg of tissue was minced into small pieces and 

resuspended in Chappell-Perry Buffer I (CP I) containing ~1 mg/ml Nagarse. After 
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incubation with Nagarse for 5 minutes at room temperature, homogenization was 

performed using a Bio Gen series Model PRO200 homogenizer (Pro-Scientific, Inc., 

Oxford, CT) equipped with a 5 mm PRO quick connect generator probe. The 

homogenized tissue was washed with an equal volume of CP I and 2X volume of CP II 

buffer by centrifuging at 600xG at 4°C for 10 minutes (Eppendorf centrifuge 5804R, 

Eppendorf AG, Hamburg, Germany). The resulting supernatant was filtered through 

cheese cloth and the filtrate centrifuged at 10,000xG at 4°C for 10 minutes using a 

Beckman centrifuge, model J2-21 M Induction drive centrifuge (Beckman-Coulter, Inc., 

Brea, CA) to obtain a mitochondrial pellet. The pellet was further washed first with CP II 

and then with CP I buffer. Finally, the pellet was suspended in mitochondrial assay 

solution (mannitol and sucrose buffer: MAS; sucrose 35 mM, mannitol 110 mM, KH2PO4 

2.5 mM, MgCl2 2.5 mM, HEPES 1.0 mM, EGTA 0.5 mM, fatty-acid free BSA 0.10 %, 

pH 7.4) prior to respirometry. Purified mitochondrial protein was determined according 

to manufacturer's instructions by Pierce BCA assay (ThermoFisher Scientific, Grand 

Island, NY). A typical yield of ~500 μg of purified mitochondria was obtained per 50 mg 

sample. 

2.9 Respirometry of Isolated Mitochondria 

Isolated mitochondria respirometry was performed using an XF24–3 Extracellular 

Flux Analyzer (Seahorse Bioscience, North Billerica, MA). The procedure was 

previously described by Rogers et al. [48] and employed as previously described [36]. 

During study protocol optimization, respiration driven by complex 1 using 

pyruvate/malate was compared with respiration driven by complex 2 using 

succinate/rotenone. Complex 2 driven respiration was consistently higher, similar to 
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previous reports [48]. In order to ensure adequate sample size and standardization, 

isolated mitochondrial respirometric analyses were performed using succinate and 

rotenone. Compounds were prepared in 1X MAS at 10X the final concentration required 

for the assay. Final concentrations of compounds were as follows: ADP, 2 μM 

oligomycin, 6 μM FCCP, and 2 μM antimycin A. Five μg of the mitochondrial 

suspension was added to each well and the plate centrifuged at 2000xG at 4° C for 20 

minutes to ensure attachment. After centrifugation, 450 mL of 1X MAS containing 

succinate (10 mM) and rotenone (2 μM) was gently added to each well and the 

experiment initiated. The respirometric assay was performed at 37 °C. Primary outcomes 

were: maximal State 3 respiration, initiated with ADP (MAX-A), maximal FCCP-linked 

respiration (MAX), and State 4o, induced by the inhibition of ATP synthase by the 

addition of oligomycin. The respiratory control ratio (RCR) was calculated as MAX-

A/State4o (RCR-A) and MAX/State 4o (RCR-F). 

2.10 Statistical Analyses 

Distributions of all variables were examined before any further analysis. All 

variables satisfied the normality assumption as assessed using Shapiro-Wilk tests. 

Associations between all variables were assessed using Pearson correlation coefficients 

(R) and further separately controlled for age, weight, and HOMA-IR. Correlations are 

tabulated for each blood cell type analyzed and regression plots between some of the 

most commonly published variables are depicted following each correlation table. The 

regression plots we have chosen to show are between MAX respiration of each blood cell 

type with complex I and complex I+II OXPHOS from permeabilized skeletal muscle 

fibers as well as FCCP-linked MAX respiration and RCR-F from isolated mitochondria 
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from skeletal muscle and cardiac tissue. The analyses were performed (SPSS v22; 

Armonk, NY). 95% confidence intervals (95%CI) were generated for the correlation 

coefficients by bootstrapping.  

3. Results  

3.1 Demographic and bioenergetic parameters of non-human primate participants  

Age, body weight, BMI, insulin, glucose, and homeostatic model assessment of insulin 

resistance (HOMA-IR) are summarized in Table 1. A total of 18 vervet macaques, all 

female, were studied with a mean age of 16.4 years. The ages ranged from 8.4 to 23.7 

years. The mean weight of the animals was 4.9 kg. Glucose and insulin levels averaged 

127.7 mg/dL and 23.7 mIU/L; respectively, with median values of 98.0 mg/dL and 13.5 

mIU/L; respectively, indicating wide ranges of variability. The average HOMA-IR was 

6.9 with a median of 4.0, indicating some animals to be insulin resistant while others 

were insulin-sensitive [30]. Representative bioenergetic profiles from each tissue of one 

animal are shown in Figure 1, and baseline bioenergetic parameters for each animal are 

summarized in Table 2. 

3.2 Correlations between monocyte blood cell bioenergetics with isolated mitochondria 

from skeletal and cardiac muscle and permeabilized skeletal muscle fibers  

Pearson correlation coefficients were used to compare all blood cell bioenergetic 

parameters with skeletal and cardiac muscle bioenergetics. The relationships between 

primary monocyte bioenergetic parameters with skeletal and cardiac muscle 

bioenergetics are summarized in Table 3 and regression plots depicting these 

relationships can be found in Figure 2. Maximal FCCP-linked bioenergetic capacity 

(MAX) of CD14+ monocytes was significantly positively correlated with permeabilized 



59 

 

skeletal muscle maximal oxidative phosphorylation capacity (OXPHOS) driven using 

substrates for complexes I and II (R=0.75, CI: 0.38-0.97; Figure 2A) and substrates for 

complex I alone (R=0.73, CI: 0.33-0.91); Figure 2B). In addition, basal respiration and 

reserve capacity of monocytes were significantly correlated with complex I+II and 

complex I OXPHOS in permeabilized skeletal muscle fibers. Monocyte MAX also 

significantly positively correlated with the skeletal muscle isolated mitochondrial FCCP-

linked respiratory control ratio (RCR-F; R=0.70, CI: 0.35-0.89; Figure 2D) but not 

isolated mitochondrial MAX from skeletal or cardiac muscle (Figure 2C, E). Similarly, a 

strong positive correlation was found between monocyte MAX with the ADP-linked 

respiratory control ratio (RCR-A; R=0.83, CI: 0.49-0.97). Monocyte MAX was strongly 

positively correlated with RCR-A from cardiac muscle isolated mitochondria also 

(R=0.55, CI: 0.22-0.86).  

3.3 Correlations between platelet bioenergetics with isolated mitochondria from skeletal 

and cardiac muscle and permeabilized skeletal muscle fibers 

Correlations of platelet bioenergetic parameters with skeletal and cardiac muscle 

bioenergetics are summarized in Table 4. Platelet MAX was significantly positively 

associated with complex I+II OXPHOS in permeabilized skeletal muscle fibers (R=0.51, 

CI: 0.05-0.81; Figure 3A). Platelet reserve capacity was associated with complex I+II 

OXPHOS in permeabilized muscle fibers (R=0.61, CI: 0.22-0.85). Platelet MAX and 

reserve capacity were also significantly positively correlated with permeabilized skeletal 

muscle MAX uncoupled respiration (R=0.44, CI: 0.05-0.74; R=0.58, CI: 0.21-0.85; 

respectively). Like monocyte MAX, platelet MAX was significantly positively correlated 

with both RCR-F and RCR-A from skeletal muscle isolated mitochondria (R=0.64, CI: 



60 

 

0.23-0.89, Figure 3D; R=0.53, CI: 0.16-0.83; respectively). Platelet reserve capacity was 

also significantly positively correlated with RCR-F and RCR-A as well as skeletal muscle 

isolated mitochondrial MAX (R=0.59, CI: 0.18-0.87) and state 3 bioenergetic capacity 

(R=0.57, CI: 0.17-0.80)). In addition, platelet MAX was significantly positively 

correlated to RCR-F and RCR-A of cardiac isolated mitochondria (R=0.58, CI: 0.22-

0.85, Figure 3F; R=0.42, CI: 0.03-0.80; respectively). 

3.4 Partial correlations between monocyte bioenergetics with isolated mitochondria from 

skeletal and cardiac muscle and permeabilized skeletal muscle  

Partial correlations between monocytes with permeabilized skeletal muscle fibers, 

independently controlling for age, weight, and HOMA-IR, are summarized in Table 5. 

When controlled for weight, correlations between monocyte cellular respiration with 

permeabilized skeletal muscle complex I+II OXPHOS were no longer statistically 

significant, indicating a possible interaction between bioenergetic function with weight 

(Table 5). The statistically significant relationships between monocyte respiration with 

isolated mitochondria from skeletal muscle were weakened after controlling for age, 

weight, and HOMA-IR for RCR-F. Controlling for weight reduced the strength of the 

associations between monocyte reserve capacity with complex I and I+II OXPHOS, and 

isolated skeletal muscle mitochondrial RCR-F and RCR-A. The only relationship that 

persisted between monocyte bioenergetics with cardiac isolated mitochondria was 

between monocyte reserve capacity and RCR-A when controlling for weight (Table 6). 
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3.5 Partial correlations between platelet bioenergetics with isolated mitochondria from 

skeletal and cardiac muscle and permeabilized skeletal muscle 

Partial correlations between platelets with isolated mitochondria from skeletal and 

cardiac muscle and permeabilized skeletal muscle fibers, independently controlling for 

age, weight, and HOMA-IR, are summarized in Table 5. Platelet reserve capacity 

significantly positively correlated with permeabilized skeletal muscle complex I+II 

OXPHOS and MAX uncoupled respiration after independently controlling for age, 

weight, and HOMA-IR using partial correlations (Table 5). Relationships between 

cardiac isolated mitochondria were weakened except platelet reserve remained correlated 

with RCR-A when controlling for weight and platelet basal, MAX, and reserve positively 

correlated with RCR-F when controlling for HOMA-IR (Table 7). 

4. Discussion 

Mitochondrial dysfunction is a primary driver of many diseases, particularly 

chronic pathologies associated with aging, including obesity [47], diabetes [24], and heart 

failure [25]. Mitochondrial dysfunction may be mediated by various mechanisms such as 

aberrant mitophagy [12], oxidative stress [49, 50], or mitochondrial DNA heteroplasmy 

[51]. The cumulative effects of defects in these pathways ultimately affect mitochondrial 

oxidative phosphorylation, which can be assessed by the oxygen consumption rate of 

cells or isolated mitochondria [52].  

Muscle mitochondrial bioenergetics have been highlighted to play a role in 

diverse diseases and disorders such as obesity, diabetes, and sarcopenia [53-55]. While 

muscle respirometry has significantly advanced our mechanistic understanding of 

mitochondrial bioenergetics, such measures may present undue burden in large scale 
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clinical trials, or studies focused on patients with contraindications to biopsy, such as 

more frail older adults. In recent years, the potential relationships between mitochondrial 

function measured in blood cells with disease has gained attention [56]. While blood-

cells such as monocytes or platelets are easily obtained, it remains unknown whether 

these circulating cells are related to bioenergetics measured in skeletal and cardiac 

muscle. Here, we present evidence that bioenergetic function measured in blood cells is 

related to skeletal and cardiac muscle mitochondrial bioenergetics. Our data indicate that 

both monocyte and platelet mitochondrial bioenergetics are associated with oxidative 

capacity of skeletal muscle fibers and respiratory control, a reliable measure of 

mitochondrial coupling, in isolated skeletal and cardiac muscle mitochondria [57]. These 

findings support the hypothesis that blood cell respirometry can recapitulate systemic 

bioenergetic capacity and provide a reliable and minimally-invasive index of muscle 

metabolic health. Future longitudinal studies are required in order to determine how 

bioenergetic capacity changes across tissues with time and with disease 

onset/progression. 

The comparison of blood based bioenergetic profiles with respiratory analyses of 

both permeabilized muscle fibers and isolated mitochondria from freshly isolated tissues 

in a well phenotyped non-human primate model with high variability in age and 

metabolic health are major strengths of the present study. Kavanagh et al. have studied 

metabolically healthy and unhealthy female vervet macaques and have published mean 

values for glucose (60.5 mg/dL and 104.7 mg/dL; respectively), insulin (20.8 mIU/mL 

and 26.5 mIU/mL; respectively), and HOMA-IR (3.04 and 6.76; respectively). These 

values are similar to those measured from our cohort over the same range of ages, 
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although the variability is greater in the population used for this study [30]. The oxygen 

consumption rates published by Chacko et al. for monocytes (83.9 pmol/min/250k cells) 

and platelets (199.4 pmol/min/25million cells) are similar to what was measured in our 

study, and permeabilized fibers from non-human primates are similar to results from 

humans published by others [41, 58]. Similarly, respiratory control ratios of isolated 

skeletal and cardiac muscle are similar to those described in human cardiac and skeletal 

muscle by Park et al. (5.3 ± 0.7, 3.2 ± 0.4) and others; however, ours were generated 

using substrates for complex II alone while others used substrates for complexes I and II 

[59-61]. Our results indicate that monocyte and platelet cellular respiration correlated 

with both permeabilized fiber and isolated mitochondrial respirometry. These results 

indicate that blood cell respiration is related to differences in overall bioenergetic 

function, even after taking into account potential differences in mitochondrial content and 

networking activity, as well as intrinsic ETC function. It follows that if circulating factors 

present in the blood result in high maximal respiration of platelets and monocytes, the 

exposure of muscle tissues to the same circulating factors can result in high respiration in 

those tissues as well. 

It should be noted that methodological differences exist when measuring 

mitochondrial function between different tissues and circulating cells. Blood cells were 

kept intact for respirometric assessments; however, skeletal muscle fibers are 

permeabilized with a mild detergent, specific for cholesterol esters found predominantly 

in the plasma membrane but not mitochondrial membranes [62]. Additionally, isolated 

mitochondrial preparations focus on intrinsic ETC properties, without potential input 

from non-mitochondrial contributors to respiratory capacity or differences in 
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mitochondrial content. For these reasons we compared absolute OCR in blood cells with 

maximal respiration in muscle tissues and with the RCR, a measure of how tightly 

coupled respiration and phosphorylation are, in isolated mitochondria. It has been 

proposed by Brand and Nicholls that RCR is a reliable measure of function when using 

isolated mitochondria because it is highly tissue- and substrate-dependent and changes 

with any alteration in oxidative phosphorylation [57]. A limitation of this study is that we 

report data only for complex II driven respiration in the isolated mitochondrial 

preparations. Future studies should compare both complex I and complex II driven 

respiration in isolated mitochondria as well as permeabilized blood cells. 

Differences in preparations and protocols may underlie the findings that MAX 

respiration in monocytes correlates with maximal OXPHOS capacity in permeabilized 

fibers and RCR but not state 3 or MAX respiration in isolated skeletal muscle 

mitochondria. There was a large variation in state 3 and MAX respiration in the isolated 

mitochondrial preparations, likely due to the large variation in health status of the 

primates; however, variation could have arisen from variability in protein measurement. 

As the RCR is a ratio, it should vary less. Mitochondrial content may underlie the 

relationships seen because maximal respiration of isolated mitochondria is unrelated to 

maximal respiration in intact monocytes and platelets but maximal respiration of 

permeabilized skeletal muscle fibers is correlated. The relationships between monocyte 

and platelet respiration with RCR of the isolated mitochondria indicates that greater 

overall respiration in monocytes and platelets appears to be related to the intrinsic 

coupling of the mitochondria, regardless of mitochondrial content within the muscle. 
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Future studies using permeabilized blood cells and isolated blood cell mitochondria may 

help to clarify these relationships.  

It is clear that a range of diseases manifest with alterations in mitochondrial 

function; whether they are of genetic mitochondrial etiology, acute disruptions such as 

ischemia reperfusion, or chronic as is the case with many diseases associated with aging. 

It was recently demonstrated that basal and maximal bioenergetic function measured in 

monocytes is reduced post-operatively compared with healthy controls [63]. It was also 

shown that patients with diabetic nephropathy have reduced reserve capacity and 

maximal respiration in peripheral blood mononuclear cells with evidence that elevated 

circulating mitochondrial DNA may precede the dysfunction in cellular metabolism [64, 

65]. Here we demonstrate that blood based cellular respirometry is correlated with 

bioenergetic measures generated by two common methods for measuring skeletal muscle 

respirometry. These findings, suggest potential applications in future clinical trials and 

the development of reliable mitochondrial diagnostics. Monocyte and platelet cellular 

respiration correlated with both skeletal and cardiac muscle respiration. Platelet isolation 

is easy, quick, and can reliably produce a high yield, making these cells a strong 

candidate for future development as a clinical diagnostic tool. Future work to compare 

the reliability of bioenergetic measurements among various blood cell populations is still 

required, and future studies should investigate the effects of specific circulating factors 

such as circulating mtDNA, redox stress, cytokines, and other possible mitochondrial 

damage associated molecular patterns on bioenergetic function of blood cells. In addition, 

it remains to be determined how blood cell bioenergetics are altered under various 
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disease states common to aging, and how they are affected by interventions that promote 

healthy aging, including weight loss and exercise. 
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Figure 1: Representative bioenergetic profiles from CD14+ monocytes, platelets, 

skeletal muscle isolated mitochondria, cardiac isolated mitochondria, and 

permeabilized skeletal muscle fibers 

 
Representative profiles from one animal depicting the 5 bioenergetic measures including 

CD14+ monocytes, platelets, skeletal muscle isolated mitochondria, cardiac isolated 

mitochondria, and permeabilized skeletal muscle fibers. Respiration is measured as 

oxygen consumption rate (pmol/min/250,000 cells [monocytes], pmol/min/mg protein 

[platelets], pmol/min/5µg mitochondrial protein [left vastus and cardiac tissues]), and 

pmol/min/mg dry weight [permeabilized fibers]. In isolated mitochondrial preparations, 

complex II (CII) respiration was measured using succinate and rotenone as substrates. 

Ama = antimycin-A, c = cytochrome c, D = adenosine diphosphate, 

F = carbonyl-cyanide-p-trifluoromethoxyphenylhydrazone, G = glutamate, M = malate, 

O = oligomycin, P = pyruvate, R = rotenone, S = succinate, U = uncoupler (FCCP).
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Figure 2: Associations among CD14+ monocyte bioenergetic parameters with 

skeletal and cardiac muscle bioenergetics 

 
Regressions between monocyte maximal uncoupled respiration and reserve capacity with 

respiratory control ratio and maximal uncoupled respiration from isolated mitochondria 

from skeletal and cardiac muscle as well as maximal oxidative phosphorylation capacity 

and maximal uncoupled respiration from permeabilized skeletal muscle fibers. Pearson’s 

correlations and p-values for each association are shown.
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Figure 3: Associations among platelet bioenergetic parameters with skeletal and 

cardiac muscle bioenergetics 

 
Regressions between platelet maximal uncoupled respiration and reserve capacity with 

respiratory control ratio and maximal uncoupled respiration from isolated mitochondria 

from skeletal and cardiac muscle as well as maximal oxidative phosphorylation capacity 

and maximal uncoupled respiration from permeabilized skeletal muscle fibers. Pearson’s 

correlations and p-values for each association are shown.
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Table I: Baseline Characteristics of non-human primate subjects enrolled in this 

study 

Table 1.  
Baseline characteristics of non-human primate subjects 

enrolled in this study. 

 
Mean SD Range N 

Age (years) 16.6 6.1 8.4- 23.7 18 

Weight (kg) 4.9 1.0 3.3- 6.9 18 

BMI (kg/m
2
) 60.7 10.5 44.6- 82.3 18 

Glucose (mg/dL) 127.7 70.6 73.0- 319.0 18 

Insulin (mIU/L) 23.7 26.7 4.6- 114.6 18 

HOMA-IR 6.9 7.1 1.0- 27.2 18 

BMI = body mass index, HOMA-IR = homeostatic model of insulin 

resistance, SD = standard deviation. 

BMI was estimated using trunk length measured from the suprasternal 

notch to the pubic symphysis. 
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Table II. Baseline bioenergetic characteristics of non-human primate subjects 

enrolled in this study 

 
Mean SD Range N 

Platelet Basal 299.0 98.8 162.2- 435.6 17 

Platelet  Oligomycin OCR 98.3 26.4 54.4- 140.4 15 

Platelet MAX  438.1 159.8 209.3- 699.5 17 

Platelet Non-mitochondrial OCR 84.4 23.3 36.1- 124.4 17 

Platelet Reserve Capacity 139.1 78.5 27.4- 263.9 17 

Platelet ATP OCR 198.4 77.9 76.8- 304.0 15 

Platelet Leak OCR 12.2 13.5 -7.2- 39.1 15 

Monocyte Basal 79.6 37.3 39.3- 158.8 11 

Monocyte Oligomycin OCR 25.2 9.4 13.7- 37.3 9 

Monocyte MAX 116.2 54.9 50.6- 225.3 11 

Monocyte Non-mitochondrial OCR 19.0 12.7 -8.8- 37.9 11 

Monocyte Reserve Capacity 36.6 19.6 10.7- 66.4 11 

Monocyte ATP OCR 48.8 24.8 19.6- 86.5 9 

Monocyte Leak OCR 4.7 10.6 -20.6- 13.9 9 

Permeabilized Fiber Basal 34.8 9.2 23.4- 57.8 17 

Permeabilized Fiber Leak OCR 33.6 12.2 21.0- 67.1 17 

Permeabilized Fiber Complex I OXPHOS 93.9 22.7 60.1- 145.7 17 

Permeabilized Fiber Complex I+II OXPHOS 133.3 34.4 68.0- 197.6 17 

Permeabilized Fiber Cytochrome C Membrane Integrity 132.7 35.8 63.5- 200.3 17 

Permeabilized Fiber MAX 157.4 33.4 116.8- 215.7 17 

Permeabilized Fiber Non-mitochondrial OCR 12.0 3.8 5.1- 20.1 17 

Left Vastus Isolated Mitochondria CII Oligomycin OCR 117.4 50.8 43.0- 240.5 16 

Left Vastus Isolated Mitochondria CII State 3 581.4 247.9 162.1- 1082.1 16 

Left Vastus Isolated Mitochondria CII MAX 601.2 292.1 156.6- 1062.0 16 

Left Vastus Isolated Mitochondria CII RCR-A 5.1 1.4 2.6- 8.4 16 

Left Vastus Isolated Mitochondria CII RCR-F 5.1 1.5 2.5- 7.5 16 

Cardiac Isolated Mitochondria CII Oligomycin OCR 162.6 68.2 47.2- 268.5 16 

Cardiac Isolated Mitochondria CII State 3 633.4 213.9 171.9- 928.4 16 

Cardiac Isolated Mitochondria CII MAX 669.1 225.7 265.6- 1052.5 16 

Cardiac Isolated Mitochondria CII RCR-A 4.1 1.0 2.8- 6.8 16 

Cardiac Isolated Mitochondria CII RCR-F 4.4 1.1 2.8- 7.2 16 

ATP=adenosine triphosphate, CII=complex 2, FCCP=Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone, MAX=FCCP-linked 

respiration, OCR=oxygen consumption rate, OXPHOS=oxidative phosphorylation capacity, RCR=respiratory control ratio. 

Respiration is measured as oxygen consumption rate (pmol/min/mg protein [platelets], pmol/min/250,000 cells [monocytes], 

pmol/min/mg dry weight [permeabilized fibers], pmol/min/5µg mitochondrial protein [left vastus and cardiac tissues]). 

In blood cell respiration, Reserve capacity is calculated as the difference between MAX and Basal respiration and Leak is calculated 

as the difference between Oligo and A/R respiration. 

RCRs are calculated as ADP-stimulated State 3 respiration divided by oligomycin-linked respiration (RCR-A) and by MAX 

respiration divided by oligomycin-linked respiration (RCR-F). 

In permeabilized muscle fiber preparations, basal respiration was measured with no added substrates, leak was measured with malate 

added, complex I OXPHOS capacity was measured using pyruvate, glutamate, and malate with a saturating amount of ADP. Complex 

I+II OXPHOS capacity was measured using complex I substrates with succinate added. Cytochrome C Membrane Integrity was 

measured with Complex I+II substrates with cytochrome c added. MAX respiration was measured using complex I+II substrates with 

FCCP titrations added. Non-mitochondrial respiration was measured with MAX substrates with antimycin-A and rotenone substrates 

added. 

In isolated mitochondrial preparations, CII respiration was measured using succinate and rotenone as substrates and using ADP, 

oligomycin, and FCCP injections to measure State 3, oligomycin, and MAX, respectively. 
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Table III: Relationship between monocyte bioenergetics with skeletal and cardiac 

muscle bioenergetics 
Pearson correlations and 95% confidence intervals of monocyte respiratory parameters with bioenergetics from 

permeabilized skeletal muscle fibers and isolated mitochondria from vastus lateralis and cardiac tissue. 

 
Basal (95% CI) MAX (95% CI) Reserve (95% CI) 

Permeabilized Fibers: 

Basal -0.43 (-0.74-0.03) -0.42 (-0.74-0.03) -0.33 (-0.65-0.17) 

Complex I OXPHOS 0.74 (0.42-0.91) 0.73 (0.33-0.91) 0.60 (0.03-0.91) 

Complex I+II OXPHOS 0.79 (0.49-0.96) 0.75 (0.38-0.97) 0.57 (0.06-0.92) 

MAX 0.09 (-0.51-0.73) -0.01 (-0.59-0.70) -0.20 (-0.67-0.57) 

Left Vastus CII: 

State 3 -0.24 (-0.73-0.55) -0.24 (-0.79-0.63) -0.23 (-0.86-0.67) 

MAX -0.20 (-0.73-0.55) -0.18 (-0.76-0.56) -0.13 (-0.79-0.62) 

RCR-A 0.87 (0.58-0.96) 0.83 (0.49-0.97) 0.69 (0.22-0.98) 

RCR-F 0.71 (0.30-0.91) 0.70 (0.35-0.89) 0.62 (0.10-0.89) 

Cardiac CII: 

State 3 0.06 (-0.36-0.68) 0.09 (-0.40-0.64) 0.14 (-0.45-0.64) 

MAX 0.16 (-0.29-0.85) 0.19 (-0.32-0.82) 0.22 (-0.43-0.74) 

RCR-A 0.49 (0.14-0.81) 0.55 (0.22-0.86) 0.58 (0.28-0.87) 

RCR-F 0.52 (-0.21-0.98) 0.50 (-0.18-0.96) 0.41 (-0.11-0.89) 

CII=complex 2, FCCP= Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone, MAX=FCCP-linked respiration, 

OXPHOS=oxidative phosphorylation capacity, RCR=respiratory control ratio. 

Respiration is measured as oxygen consumption rate (pmol/min/250,000 cells [monocytes], pmol/min/mg dry weight [permeabilized 

fibers], pmol/min/5µg mitochondrial protein [left vastus and cardiac tissues]). 

Reserve capacity is calculated as the difference between MAX and Basal respiration. 

RCRs are calculated as ADP-stimulated State 3 respiration divided by oligomycin-linked respiration (RCR-A) and by MAX 

respiration divided by oligomycin-linked respiration (RCR-F). 

In permeabilized muscle fiber preparations, basal respiration was measured with no added substrates, leak was measured with malate 

added, complex I OXPHOS capacity was measured using pyruvate, glutamate, and malate with a saturating amount of ADP. Complex 

I+II OXPHOS capacity was measured using complex I substrates with succinate added. MAX respiration was measured using 

complex I+II substrates with FCCP titrations added. Non-mitochondrial respiration was measured with MAX substrates with 

antimycin-A and rotenone substrates added. 

In isolated mitochondrial preparations, CII respiration was measured using succinate and rotenone as substrates and using ADP, 

oligomycin, and FCCP injections to measure State 3, oligomycin, and MAX respiration, respectively. 

N=11-12. 
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Table IV: Relationship between platelet bioenergetics with skeletal and cardiac 

muscle bioenergetics 
Pearson correlations and 95% confidence intervals of platelet respiratory parameters with bioenergetics from 

permeabilized skeletal muscle fibers and isolated mitochondria from vastus lateralis and cardiac tissue. 

 
Basal (95% CI) MAX (95% CI) Reserve (95% CI) 

Permeabilized Fibers: 

Basal -0.06 (-0.53-0.42) 0.10 (-0.56-0.57) 0.27 (-0.61-0.74) 

Complex I OXPHOS 0.19 (-0.39-0.67) 0.34 (-0.21-0.72) 0.45 (-0.04-0.79) 

Complex I+II OXPHOS 0.34 (-0.25-0.81) 0.51 (0.05-0.81) 0.61 (0.22-0.85) 

MAX 0.26 (-0.29-0.81) 0.44 (0.05-0.74) 0.58 (0.21-0.88) 

Left Vastus CII: 

State 3 0.05 (-0.46-0.64) 0.32 (-0.06-0.64) 0.57 (0.17-0.80) 

MAX 0.12 (-0.46-0.72) 0.36 (-0.07-0.70) 0.59 (0.18-0.87) 

RCR-A 0.40 (-0.24-0.87) 0.53 (0.16-0.83) 0.56 (0.10-0.87) 

RCR-F 0.49 (-0.18-0.93) 0.64 (0.23-0.89) 0.69 (0.35-0.90) 

Cardiac CII: 

State 3 -0.26 (-0.66-0.29) -0.08 (-0.53-0.47) 0.18 (-0.31-0.68) 

MAX -0.16 (-0.61-0.41) 0.01 (-0.48-0.54) 0.22 (-0.31-0.70) 

RCR-A 0.35 (-0.04-0.74) 0.42 (0.03-0.80) 0.42 (0.07-0.75) 

RCR-F 0.56 (0.18-0.86) 0.58 (0.22-0.85) 0.46 (0.03-0.81) 

CII=complex 2, FCCP= Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone, MAX=FCCP-linked respiration, 

OXPHOS=oxidative phosphorylation capacity, RCR=respiratory control ratio. 

Respiration is measured as oxygen consumption rate (pmol/min/mg protein [platelets], pmol/min/mg dry weight [permeabilized 

fibers], pmol/min/5µg mitochondrial protein [left vastus and cardiac tissues]). 

Reserve capacity is calculated as the difference between MAX and Basal respiration. 

RCRs are calculated as ADP-stimulated State 3 respiration divided by oligomycin-linked respiration (RCR-A) and by MAX 

respiration divided by oligomycin-linked respiration (RCR-F). 

In permeabilized muscle fiber preparations, basal respiration was measured with no added substrates, leak was measured with malate 

added, complex I OXPHOS capacity was measured using pyruvate, glutamate, and malate with a saturating amount of ADP. Complex 

I+II OXPHOS capacity was measured using complex I substrates with succinate added. MAX respiration was measured using 

complex I+II substrates with FCCP titrations added. Non-mitochondrial respiration was measured with MAX substrates with 

antimycin-A and rotenone substrates added. 

In isolated mitochondrial preparations, CII respiration was measured using succinate and rotenone as substrates and using ADP, 

oligomycin, and FCCP injections to measure State 3, oligomycin, and MAX respiration, respectively. 

N=16-17. 
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Table V: Partial correlations between monocyte and platelet bioenergetics with permeabilized skeletal muscle bioenergetics 

Partial correlations and 95% confidence intervals of monocyte and platelet respiratory parameters with bioenergetics from permeabilized skeletal 

muscle fibers left vastus lateralis, controlling for age, weight, and insulin status. 

  
Partial (age) Partial (weight) Partial (HOMA-IR) 

 
Permeabilized Fibers: 

Basal (95% 

CI) 

MAX (95% 

CI) 

Reserve (95% 

CI) 

Basal (95% 

CI) 

MAX (95% 

CI) 

Reserve (95% 

CI) 

Basal (95% 

CI) 

MAX (95% 

CI) 

Reserve (95% 

CI) 

Monocytes: 

 
Basal 

-0.55 (-0.83- -

0.17) 

-0.49 (-0.82-

0.03) 

-0.36 (-0.79-

0.42) 
-0.47 (-0.79- -

0.14) 

-0.46 (-0.79- -

0.09) 

-0.38 (-0.78-

0.22) 
-0.51 (-0.85- -

0.04) 

-0.50 (-0.83-

0.12) 

-0.43 (-0.76-

0.30) 

 
Complex I OXPHOS 

0.64 (0.13-

0.89) 

0.63 (0.13-

0.90) 
0.56 (-0.11-0.90) 

0.76 (0.26-

0.92) 

0.75 (0.26-

0.92) 
0.63 (-0.03-0.91) 

0.74 (0.16-

0.95) 

0.73 (0.13-

0.95) 
0.61 (-0.15-0.91) 

 
Complex I+II OXPHOS 

0.71 (0.26-

0.96) 

0.67 (0.02-

0.97) 
0.52 (-0.30-0.95) 

0.79 (-0.30-

0.97) 

0.75 (-0.28-

0.98) 
0.57 (-0.42-0.93) 

0.79 (0.39-

0.98) 

0.75 (0.34-

0.97) 
0.57 (-0.03-0.91) 

 
MAX 

-0.19 (-0.72-

0.56) 

-0.27 (-0.77-

0.52) 

-0.37 (-0.81-

0.40) 

0.21 (-0.63-

0.86) 

0.12 (-0.85-

0.69) 

-0.07 (-0.77-

0.66) 

0.06 (-0.57-

0.76) 

-0.05 (-0.64-

0.68) 

-0.25 (-0.81-

0.47) 

Platelets: 

 
Basal 

-0.25 (-0.72-

0.34) 

-0.04 (-0.59-

0.51) 
0.21 (-0.40-0.69) 

-0.07 (-0.71-

0.32) 

0.07 (-0.58-

0.47) 
0.25 (-0.40-0.63) 

-0.11 (-0.51-

0.35) 

0.06 (-0.42-

0.48) 
0.25 (-0.43-0.70) 

 
Complex I OXPHOS 

0.18 (-0.40-

0.69) 

0.34 (-0.22-

0.78) 
0.08 (-0.14-0.79) 

0.19 (-0.39-

0.60) 

0.34 (-0.20-

0.66) 
0.46 (-0.09-0.79) 

0.14 (-0.48-

0.60) 

0.30 (-0.27-

0.65) 
0.43 (-0.15-0.74) 

 
Complex I+II OXPHOS 

0.34 (-0.16-

0.83) 

0.52 (-0.11-

0.84) 
0.60 (0.13-0.84) 

0.34 (-0.27-

0.81) 

0.52 (0.11-

0.78) 
0.62 (0.19-0.84) 

0.31 (-0.31-

0.79) 

0.50 (0.01-

0.79) 
0.60 (0.19-0.82) 

 
MAX 

0.17 (-0.36-

0.68) 

0.40 (-0.05-

0.76) 
0.56 (0.12-0.88) 

0.25 (-0.36-

0.67) 

0.43 (-0.05-

0.73) 
0.57 (0.15-0.83) 

0.25 (-0.29-

0.67) 

0.46 (-0.02-

0.75) 
0.59 (0.18-0.85) 

FCCP= Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone, HOMA-IR=homeostatic model of insulin resistance, MAX=FCCP-linked respiration, OXPHOS=oxidative 

phosphorylation capacity. 

Respiration is measured as oxygen consumption rate (pmol/min/mg protein [platelets], pmol/min/250,000 cells [monocytes], and pmol/min/mg dry weight [permeabilized fibers]). 

Reserve capacity is calculated as the difference between MAX and Basal respiration. 

In permeabilized muscle fiber preparations, basal respiration was measured with no added substrates, leak was measured with malate added, complex I OXPHOS capacity was 

measured using pyruvate, glutamate, and malate with a saturating amount of ADP. Complex I+II OXPHOS capacity was measured using complex I substrates with succinate 

added. MAX respiration was measured using complex I+II substrates with FCCP titrations added. Non-mitochondrial respiration was measured with MAX with antimycin-A and 

rotenone substrates added. 

Monocytes: N=12. Platelets: N=17. 
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Table VI: Partial correlations between monocyte bioenergetics with skeletal and cardiac muscle bioenergetics 
Partial correlations and 95% confidence intervals of monocyte respiratory parameters with bioenergetics from isolated mitochondria from left vastus 

lateralis and cardiac tissue, controlling for age, weight, and insulin status. 

 
Partial (age) Partial (weight) Partial (HOMA-IR) 

 
Basal (95% CI) MAX (95% CI) Reserve (95% CI) Basal (95% CI) MAX (95% CI) Reserve (95% CI) Basal (95% CI) MAX (95% CI) Reserve (95% CI) 

Left Vastus CII: 

State 3 
-0.45 (-0.94-

0.85) 

-0.43 (-0.94-

0.92) 
-0.34 (-0.94-0.85) 

-0.19 (-0.81-

0.29) 

-0.19 (-0.80-

0.22) 
-0.17 (-0.74-0.15) 

-0.37 (-0.87-

0.68) 

-0.39 (-0.87-

0.59) 
-0.39 (-0.91-0.54) 

MAX 
-0.22 (-0.90-

0.90) 

-0.19 (-0.87-

0.93) 
-0.13 (-0.88-0.92) 

-0.18 (-0.78-

0.37) 

-0.16 (-0.76-

0.26) 
-0.11 (-0.68-0.24) 

-0.37 (-0.88-

0.71) 

-0.37 (-0.91-

0.76) 
-0.33 (-0.95-0.74) 

RCR-A 0.80 (0.32-0.97) 0.78 (0.29-0.98) 0.65 (0.03-0.97) 0.86 (0.37-0.97) 0.83 (0.36-0.97) 0.67 (-0.11-0.98) 0.89 (0.57-0.98) 0.84 (0.45-0.98) 0.65 (0.02-0.99) 

RCR-F 0.74 (0.33-0.93) 0.72 (0.28-0.95) 0.61 (-0.15-0.95) 0.68 (0.14-0.92) 0.67 (0.09-0.89) 0.58 (-0.25-0.84) 0.73 (-0.36-0.99) 0.71 (-0.15-0.99) 0.59 (0.04-0.96) 

Cardiac CII: 

State 3 0.06 (-0.55-0.80) 0.10 (-0.55-0.74) 0.14 (-0.63-0.69) 0.13 (-0.42-0.82) 0.18 (-0.47-0.89) 0.26 (-0.51-0.82) 0.11 (-0.47-0.76) 0.16 (-0.50-0.82) 0.22 (-0.67-0.85) 

MAX 0.17 (-0.44-0.90) 0.20 (-0.43-0.87) 0.22 (-0.50-0.81) 0.22 (-0.34-0.83) 0.26 (-0.46-0.88) 0.31 (-0.60-0.89) 0.24 (-0.26-0.78) 0.29 (-0.35-0.85) 0.33 (-0.61-0.90) 

RCR-A 0.32 (-0.40-0.90) 0.42 (-0.32-0.91) 0.53 (-0.05-0.87) 0.53 (-0.33-0.91) 0.61 (-0.10-0.94) 0.66 (0.27-0.97) 0.45 (-0.27-0.93) 0.51 (-0.18-0.98) 0.54 (-0.53-0.99) 

RCR-F 0.36 (-0.77-0.93) 0.36 (-0.78-0.94) 0.33 (-0.77-0.92) 0.57 (-0.44-0.96) 0.57 (-0.51-0.97) 0.48 (-0.39-0.95) 0.52 (-0.01-0.96) 0.51 (-0.26-0.97) 0.42 (-0.37-0.92) 

CII=complex 2, FCCP= Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone, HOMA-IR=homeostatic model of insulin resistance, MAX=FCCP-linked respiration, 

OXPHOS=oxidative phosphorylation capacity, RCR=respiratory control ratio. 

Respiration is measured as oxygen consumption rate (pmol/min/250,000 cells [monocytes] and pmol/min/5µg mitochondrial protein [left vastus and cardiac tissues]). 

Reserve capacity is calculated as the difference between MAX and Basal respiration. 

RCRs are calculated as ADP-stimulated State 3 respiration divided by oligomycin-linked respiration (RCR-A) and by MAX respiration divided by oligomycin-linked respiration 

(RCR-F). 

In isolated mitochondrial preparations, CII respiration was measured using succinate and rotenone as substrates and using ADP, oligomycin, and FCCP injections to measure State 

3, oligomycin, and MAX respiration, respectively. 

N=11-12. 
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Table VII: Partial correlations between platelet bioenergetics with skeletal and cardiac muscle bioenergetics 
Partial correlations and 95% confidence intervals of platelet respiratory parameters with bioenergetics from isolated mitochondria from left vastus 

lateralis and cardiac tissue, controlling for age, weight, and insulin status. 

 
Partial (age) Partial (weight) Partial (HOMA-IR) 

 
Basal (95% CI) MAX (95% CI) Reserve (95% CI) Basal (95% CI) MAX (95% CI) Reserve (95% CI) Basal (95% CI) MAX (95% CI) Reserve (95% CI) 

Left Vastus CII: 

State 3 0.05 (-0.52-0.67) 0.34 (-0.02-0.69) 0.59 (0.20-0.85) 0.03 (-0.68-0.55) 0.30 (-0.32-0.62) 0.57 (0.07-0.80) 
-0.02 (-0.54-

0.59) 
0.28 (-0.13-0.66) 0.56 (0.10-0.84) 

MAX 0.26 (-0.32-0.75) 0.51 (0.11-0.81) 0.67 (0.29-0.92) 0.10 (-0.61-0.59) 0.35 (-0.24-0.67) 0.58 (0.12-0.84) 0.02 (-0.52-0.62) 0.30 (-0.18-0.74) 0.55 (0.05-0.90) 

RCR-A 0.23 (-0.27-0.83) 0.42 (0.04-0.81) 0.53 (0.03-0.83) 0.43 (-0.19-0.85) 0.58 (0.18-0.86) 0.63 (0.21-0.89) 0.29 (-0.31-0.84) 0.44 (0.00-0.80) 0.51 (-0.05-0.84) 

RCR-F 0.56 (0.08-0.93) 0.70 (0.39-0.91) 0.71 (0.37-0.92) 0.50 (-0.09-0.93) 0.67 (0.29-0.91) 0.73 (0.45-0.91) 0.36 (-0.25-0.91) 0.55 (0.08-0.86) 0.64 (0.25-0.86) 

Cardiac CII: 

State 3 
-0.27 (-0.68-

0.28) 

-0.05 (-0.53-

0.44) 
0.21 (-0.25-0.65) 

-0.26 (-0.60-

0.11) 

-0.08 (-0.46-

0.31) 
0.18 (-0.21-0.53) 

-0.24 (-0.70-

0.40) 

-0.04 (-0.58-

0.54) 
0.23 (-0.30-0.70) 

MAX 
-0.13 (-0.61-

042) 
0.06 (-0.48-0.55) 0.26 (-0.23-067) 

-0.16 (-0.53-

0.21) 
0.01 (-0.41-0.37) 0.22 (-0.21-0.58) 

-0.10 (-0.60-

0.40) 
0.08 (-0.48-0.55) 0.30 (-0.24-0.71) 

RCR-A 0.16 (-0.49-0.60) 0.29 (-0.41-0.71) 0.34 (-0.28-0.77) 0.35 (-0.16-0.71) 0.43 (-0.13-0.84) 0.42 (0.01-0.77) 0.29 (-0.36-0.74) 0.37 (-0.27-0.84) 0.37 (-0.15-0.79) 

RCR-F 0.46 (-0.01-0.78) 0.49 (-0.02-0.80) 0.39 (-0.10-0.73) 0.56 (-0.10-0.90) 0.58 (-0.09-0.87) 0.46 (-0.07-0.80) 0.60 (0.21-0.84) 0.62 (0.24-0.88) 0.48 (0.08-0.80) 

CII=complex 2, FCCP= Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone, HOMA-IR=homeostatic model of insulin resistance, MAX=FCCP-linked respiration, 

OXPHOS=oxidative phosphorylation capacity, RCR=respiratory control ratio. 

Respiration is measured as oxygen consumption rate (pmol/min/mg protein [platelets] and pmol/min/5µg mitochondrial protein [left vastus and cardiac tissues]). 

Reserve capacity is calculated as the difference between MAX and Basal respiration. 

RCRs are calculated as ADP-stimulated State 3 respiration divided by oligomycin-linked respiration (RCR-A) and by MAX respiration divided by oligomycin-linked respiration 

(RCR-F). 

In isolated mitochondrial preparations, CII respiration was measured using succinate and rotenone as substrates and using ADP, oligomycin, and FCCP injections to measure State 

3, oligomycin, and MAX respiration, respectively. 

N=16. 
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Abstract 

Background. Gait speed provides an integrated measure of physical ability that is 

predictive of morbidity, disability, and mortality in older adults. Energy demands 

associated with walking suggest that mitochondrial bioenergetics may play a role in gait 

speed. Here, we examined the relationship between gait speed and skeletal muscle 

mitochondrial bioenergetics, and further evaluated whether blood-based bioenergetic 

profiling might have similar associations with gait speed. 
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Methods. Participants in this study were comprised of two subsets (n = 17 per subset) 

and were overweight/obese (body mass index, 30.9 ± 2.37), well-functioning, 

community-dwelling older adults (69.1 ± 3.69 years) without major comorbidity. Gait 

speeds were calculated from a fast-paced 400 m walk test. Respiratory control ratios were 

measured from mitochondria isolated from leg skeletal muscle biopsies from one subset. 

Maximal respiration and spare respiratory capacity were measured from peripheral blood 

mononuclear cells from the other subset. 

Results. Individual differences in gait speed correlated directly with respiratory control 

ratio of mitochondria isolated from skeletal muscle (r = .536, p = .027) and with both 

maximal respiration and spare respiratory capacity of peripheral blood mononuclear cells 

(r = .585 and p = .014; r = .609 and p = .009, respectively). 

Conclusions. The bioenergetic profile of mitochondria isolated from skeletal 

muscle is associated with gait speed in older adults. Blood-based bioenergetic profiling is 

also associated with gait speed and may provide an alternative measure of mitochondrial 

function.
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Gait speed integrates the effects of multiple subsystems including the central nervous 

system, peripheral nervous system, perception, muscle, bone/joint, and energy 

production/delivery.(1) It has been demonstrated to be predictive of future disability, 

cognitive deficits, institutionalization, falls, and mortality and is an important predictor of 

overall physical health and functional capacity and a key endpoint in clinical aging 

research.(2,3) 

Despite well-established health consequences associated with slow gait speed, 

little is known about its physiological determinants. Mitochondria are responsible for the 

majority of energy production in the body, specifically from oxidative phosphorylation. 

Aging is associated with declining mitochondrial bioenergetic capacity(4); however, the 

role of mitochondrial function in overall health and physical ability, including gait speed, 

is unclear. Reliable assessments of mitochondrial function have the potential to inform on 

the role of bioenergetics in diminishing physical ability and may provide an objective 

way to monitor healthy aging. 

There are numerous methods for measuring mitochondrial function in isolated 

organelles and whole cells.(5) For example, measurements of adenosine triphosphate 

(ATP) provide direct assessment of bioenergetic output. Respirometric measures, on the 

other hand, can provide information about electron transport chain (ETC) activity. For 

isolated mitochondria, respiratory control is a commonly used index of ETC activity and 

reported by the increase in oxygen consumption after addition of ADP. Respiratory 

control is most often reported as a ratio, respiratory control ratio (RCR), of maximal 

capacity and respiration in the absence of substrate or upon inhibition of ATP synthesis. 

As a ratio, RCR can account for potential differences associated with mitochondrial 



92 

 

isolation procedures. Analogous measures of respiratory control in intact cells require the 

use of chemical uncouplers because adenosine diphosphate (ADP) cannot readily cross 

the cell membrane. A preferred approach is to assess maximal oxygen consumption rate 

(Max-OCR) and spare respiratory capacity (SRC) using carbonyl cyanide-4- 

(trifluoromethoxy)phenylhydrazone (FCCP). Recent studies show that measures of 

skeletal muscle mitochondrial bioenergetics correlate inversely with age, and directly 

with physical ability measured by gait speed and peak aerobic capacity.(6,7) Our 

objectives for this study were: (i) to determine whether the RCR of mitochondria isolated 

from leg skeletal muscle correlates with gait speed; and (ii) to investigate whether 

bioenergetic capacity (Max-OCR and SRC) measured from more easily accessible tissues 

(peripheral blood mononuclear cells [PBMCs]) could similarly correlate with differences 

in gait speed. 

Methods 

Participants 

Two subsets of randomly chosen participants (n = 17 each) were included in this 

study of older (65–79 years), overweight and obese (body mass index [BMI] ≥ 28–35 

kg/m2), sedentary men and women recruited to participate in a clinical trial of resistance 

training with or without dietary-induced weight loss. The assessments reported here were 

conducted at baseline, prior to intervention. 

Eligible participants for both the parent clinical trial and substudy were in good 

health and had normal cognitive function, used no walking aids, and did not have 

uncontrolled diabetes or hypertension, abnormal liver or kidney function, or cancer 

requiring treatment in the past 2 years (see Supplementary Table 1 for detailed 

inclusion/exclusion criteria). The study was approved by the Wake Forest School of 
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Medicine Institutional Review Board and all participants provided written, informed 

consent. 

Gait Speed  

Gait speed, calculated as m/s, was measured using a 400-m test. Participants were 

instructed to walk the 400 m distance (on a flat indoor surface 20 m in length) as quickly 

as possible, as prescribed by the parent study. Encouragement was given in a 

standardized fashion. The test has excellent reproducibility (intraclass correlation 

coefficient = 0.95) and directly correlates with measured maximal aerobic fitness.(8) 

Muscle Biopsy and Blood Draw 

 Muscle biopsies and blood draws were performed in the morning after an 

overnight fast. A sample of vastus lateralis muscle (~100-120mg) was extracted via 

percutaneous needle biopsy with local anesthesia. Tissues were processed immediately 

after collection. 8ml of whole blood was collected into cell preparation tubes 

(Vacutainer®) for PBMC separation. 

Respirometry of Isolated Muscle Mitochondria 

 Vastus lateralis samples were visualized with a dissecting microscope and 

residual fat was manually teased apart and removed with fine forceps. About 50 mg of 

muscle tissue was used for mitochondrial isolation using differential centrifugation 

techniques based on the Chappell and Hansford method.(9) Respirometric assays were 

performed using a Seahorse XF24-3 Analyzer (Billerica, MA), which measures the 

oxygen consumption rate (OCR) in a 24-well plate format. After isolation, 5 μg of 

mitochondrial protein, determined by bicinchoninic acid protein assay,(10) was placed in 

each well of the Seahorse microplate. Microplates were centrifuged at 4ºC for 21 minutes 
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at 2000G to promote attachment of mitochondria. During study protocol optimization, 

respiration driven by complex 1 using pyruvate/malate was compared with respiration 

driven by complex 2 using succinate/rotenone. Complex 2-driven respiration was 

consistently higher, similar to previous reports.(11) In order to ensure adequate sample 

size and standardization, all respirometric analyses of isolated mitochondria reported in 

this study were performed using succinate (10 mM) and rotenone (2 μM) to drive 

respiration via complex 2. ADP (2 mM) was added to induce state 3 respiration with 

saturating amount of substrate. This was followed by oligomycin (2 μM) addition which 

blocked complex 5 to provide a measure of state 4o respiration. The primary outcome for 

these measures was RCR, calculated as state 3/state 4o.(11) This measure can account for 

slight variations between mitochondrial sample preparations and experimental runs. In 

order to validate the presence of mitochondria in the final sample used for respirometric 

analysis, voltage-dependent anion channel 1 expression was verified by western blot at 

the end of each experiment. Voltage-dependent anion channel 1 enrichment was 

consistent between samples (see Supplementary Figure 1 for representative blot) and no 

samples were excluded from this study based on this verification. In a previous study, 

average isolated mitochondria RCR values for complex 2-driven respiration using the 

Seahorse XF system was 3.9 ± 0.6. We excluded two samples with RCR values <3 in 

order to ensure that samples included for analyses were within the expected RCR range 

based on previous work. As indicated in the results section, inclusion of these two 

samples in our analyses does not significantly alter our reported outcomes. 
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PBMC Respirometry 

 PBMCs were isolated from whole blood using Ficoll/isopaque. PBMCs were 

washed with PBS and resuspended in XF assay buffer containing 1 mM Na+-pyruvate 

and 11 mM D-glucose (pH 7.4). A total of 500,000 cells were plated per well of the 

Seahorse microplate. Basal-OCR measures were followed by sequential addition of 

oligomycin (750 nM), FCCP (1 µM), and antimycin-A/rotenone (both 1 µM). Max-OCR 

was calculated after addition of FCCP, a potent mitochondrial uncoupler. The use of 

FCCP as a chemical uncoupler allows us to estimate maximal respiration. This is 

conceptually different from state 3 respiration which can only be measured when ADP 

can be exogenously introduced to mitochondria. SRC was calculated as the difference 

between Max-OCR and the Basal-OCR. 

Statistical Analysis 

 Pearson correlation coefficients and partial correlations (individually adjusted for 

age, BMI, or gender) were calculated using SPSS v.21 (Armonk, NY) to examine 

relationships between the dependent variable (gait speed) and the independent variables 

(maximal respiration, SRC, and RCR). p Values of ≤0.05 were considered statistically 

significant. 

Results 

 The demographics and bioenergetic data for each study subset are summarized in 

Table 1. Participants in both groups were of a similar age (p = .35), gender distribution (p 

= 1.00), and obesity status (p = .60) and had similar gait speeds (p = .32). Gait speed was 

plotted against skeletal muscle mitochondria RCR in Figure 1. Our results indicate a 

significant positive correlation indicating that higher RCR is associated with higher gait 
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speed. Table 2 summarizes correlations between isolated mitochondria RCR and 

respiratory states 3 and 4o with gait speed. Partial correlations with independent 

adjustments for age, BMI, or gender are also presented. Two participants were excluded 

due to RCR values <3; when including these in the analysis, the correlations between 

RCR and gait speed remained significant (r = .507, p = .027, N = 19). 

Gait speed was plotted against PBMC SRC (pmol/min/500,000 cells), Max-OCR 

(pmol/min/500,000 cells), and Basal-OCR (pmol/min/500,000 cells) (Figure 2A-C). 

Table 3 summarizes correlations between PBMC SRC, Max-OCR, and Basal-OCR and 

includes partial correlations with independent adjustments for age, BMI, or gender. Our 

results indicate that both SRC and Max-OCR are significantly positively associated with 

gait speed. 

Discussion  

This study shows that mitochondrial function measured from myocyte 

mitochondria and circulating mononuclear cells is associated with gait speed in 

community-dwelling older adults. In previous studies, maximal skeletal muscle ATP 

production, measured by 31P imaging in 30 individuals(6) and oxidative enzyme activity, 

measured by citrate synthase activity in 22 individuals(12) were correlated with gait 

speed (r = .40, p = .03; r = .45, p = .04, respectively) suggesting direct role for muscle 

mitochondrial metabolism in physical function. The same study reported that maximal 

respiration of permeabilized muscle fibers (measured by addition of ADP) and uncoupled 

respiration (measured by addition of FCCP), were not significantly correlated with gait 

speed (r = .25, p = .25; r = .31, p = .14, respectively). These results suggest that there are 

differences in the bioenergetic capacity of whole muscles and fibers. Our use of isolated 
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organelles complements this work and indicates that intrinsic properties of mitochondrial 

ETC function are independently correlated to gait speed. 

There are key differences between measuring mitochondrial function in isolated 

organelles and permeabilized cells. Use of isolated organelles eliminates differences in 

mitochondrial content and non-mitochondrial contributors to respiration that remain 

intact after permeabilization. While differences in the ratio of oxidative fibers exist at the 

muscular level, it remains unclear how such differences would affect the oxidative 

capacity of the isolated organelles we have studied. It has been reported that much of the 

loss of skeletal muscle cross-sectional area with age is due to decreased type II muscle 

fiber size,(13) and in rats, typical type I skeletal muscles generally have lower oxidative 

capacity than type II skeletal muscles in both permeabilized fibers and isolated 

mitochondria.(14) Future studies must account for muscle fiber type differences, which 

likely have implications for the bioenergetic capacity of our isolated mitochondrial prep. 

Various mitochondrial isolation techniques can result in altered bioenergetic function, 

such as significantly increased RCR compared with permeabilized myofibers 

accompanied by significantly reduced time to mitochondrial permeability transition pore 

opening and greater reactive oxygen species production.(15) These factors are limitations 

to our study using only isolated mitochondria. Future studies should include respirometric 

profiling of both permeabilized fibers and isolated organelles in the same individuals. A 

further limitation of our study was that respiration of isolated mitochondria was only 

driven by complex 2 while blocking complex 1 with rotenone. Therefore, functional 

changes that may be associated with complex 1 are not addressed. While our study 

provides evidence that aspects of mitochondrial function driven by complex 2 activity are 
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associated with physical ability in older adults, future studies will allow us to more 

comprehensively examine ETC function. For example, the use of alternate fuel sources 

such as malate and glutamate as well as N,N,N′,N′-tetramethyl-p-phenylenediamine 

(TMPD) and ascorbate may allow us to gain a more robust understanding of how the 

activity of specific ETC complexes may contribute physical function. 

In contrast to our findings, a recent study did not find a relationship between 

PBMC respiration and vitality in middle-aged men, as measured by the Medical 

Outcomes Study Short Form vitality scale.(16) The lack of association may stem from 

differences in the cohorts examined (middle-aged men vs older men and women) and the 

use of a self-assessment questionnaire versus a direct measure of physical ability. Future 

studies will examine various measures of physical function (eg, strength, power, 

endurance, balance) that impact physical ability in order to determine which are 

specifically influenced by mitochondrial bioenergetics. 

In this study, two different cohorts were used for assessments of PBMC and 

muscle mitochondrial function. The conceptual premise of this work is that muscle 

bioenergetics is most relevant for understanding mobility function. Our finding that 

mitochondrial function in both blood and muscle were associated with gait speed 

suggests that either there may be a strong association of mitochondrial function between 

these tissues or that muscle and PBMC mitochondrial function tap into different 

processes that contribute to mobility. At the genetic level, there is increasing evidence 

that certain aspects of mitochondrial bioenergetics are systemic and shared across tissues. 

In two separate reports, a low-calorie diet decreased expression of genes involved in 

oxidative phosphorylation in PBMCs(17) and in skeletal muscle biopsies.(18) Similarly, 
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decreased expression of oxidative phosphorylation genes is associated with type-2-

diabetes in skeletal muscle(19) and PBMCs.(20) A recent study assessed gene expression 

in response to a dietary intervention in PBMCs and skeletal muscle biopsies from the 

same individual.(21) After an 8-week polyunsaturated fatty acid-supplemented diet, gene 

expression changes in PBMCs and muscle were strongly correlated suggesting that both 

tissues responded similarly to dietary intervention. Future studies should be undertaken to 

assess mitochondrial function in both blood and muscle in the same individual to 

determine if the contributions of both tissues to mobility are independent of one another. 

While direct comparisons of mitochondrial function in isolated muscle mitochondria and 

intact blood cells are not possible, respirometric analysis of muscle fibers may permit 

such a study. 

The results presented in this brief report raise intriguing questions about the role 

of mitochondrial bioenergetics in the physical function of older adults. For example, the 

400 m fast paced walk test incorporates various aspects of physical ability. In particular, 

fatigue plays an important role in this assessment. Future studies can be designed to 

examine the specific role that mitochondrial bioenergetics plays in fatigue experienced by 

older adults. Our data reveal that the RCR of skeletal muscle mitochondria is associated 

with gait speed independent of differences in BMI, age, and gender. Interestingly, our 

data also indicate that state 4o respiration tends to have a negative correlation with gait 

speed that reaches statistical significance when individually adjusting for gender. Lower 

state 4o respiration can underlie the increased RCR of mitochondrial from individuals 

with higher gait speeds, suggesting an important role for inner membrane leak in our 

reported findings. Further studies on the specific role of mitochondrial inner membrane 
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leak on skeletal muscle bioenergetics and function are warranted. The role of gender 

should also be explored in greater detail since our data suggest that this can 

independently affect our readouts, particularly those that are reported as absolute values 

(ie, state 3 and state 4o). It is conceivable that ETC activity is intrinsically different 

between older men and women, or that mitochondrial isolation is affected by gender 

related differences in the physical properties of muscle tissue. It is likely that these 

gender effects are not evident in RCR because this measure of mitochondrial function is 

reported as a ratio, rather than an absolute value. 

Potential confounders such as inflammatory status should also be analyzed in 

future studies as these have significant effects on both muscle and blood. It has been 

previously reported that inflammation, measured as high levels of interleukin-6, C-

reactive protein, and interleukin-1RA, is significantly associated with poor physical 

performance and muscle strength in older persons.(22) Two independent mechanisms can 

further contribute to the bioenergetic properties of PBMCs. Differences in mitochondrial 

ETC activity are the primary mediators of cellular respiration. However, PBMCs are a 

heterogeneous population of cells and that property can contribute to their overall 

bioenergetic profiles. Changes in monocyte and lymphocyte distribution, that may be 

related to inflammatory status, can affect OCR measurements performed on PBMCs. 

Future studies will tease apart the contributing effects of mitochondrial bioenergetics and 

cellular heterogeneity on the OCR of PBMCs. 

Currently, there is no well-accepted blood biomarker that accurately predicts 

physical ability. Our findings indicate that respirometric analysis of PBMCs may provide 

such a measure. Compared with tissue biopsies, blood cells are easily accessible and 
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suitable for multiple samplings over relatively short periods. This makes them 

appropriate for large-scale clinical trials and as a potential diagnostic tool. Further 

validation of blood-based bioenergetic profiling is required to determine its ability to 

estimate systemic bioenergetic capacity. In addition, future studies are needed in order to 

explore whether blood-based bioenergetic profiling has strong associations with 

morbidity and mortality and may provide a better prognostic indicator compared with 

other practical measures such as the short physical performance battery and gait speed.  
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Table 1: Demographic Characteristics and Bioenergetic Capacity of Two Subsets of a Cross-Sectional Sub-Study of Older 

Community-Dwelling Overweight Adults 

  Skeletal Muscle Subset (N=17a) PBMC Subset (N=17) 

% Female 41% 41% 

  Mean±SD  Range Mean±SD  Range 

Age (years) 69.7±3.96 65-78 68.4±3.41 65-78 

BMI (kg/m
2
) 31.1±2.41 27.2-35.0 30.7±2.33 27.0-34.9 

Walk Speed (m/s) 1.5±0.20 1.06-1.84 1.5±0.19 1.10-1.80 

RCR 4.9±1.72 3.15-8.36     

State 3 OCR (picomoles/min/5µg) 427.3±151.63 170.41-751.80     

State 4o OCR (picomoles/min/5µg) 96.2±44.32 20.39-179.70     

SRC (picomoles/min/500000 cells)     414.8±164.66 183.7-779.2 

Max-OCR (picomoles/min/500000 cells)     589.3±213.44 312.8-1,006.7 

Basal-OCR (picomoles/min/500000 cells)     174.5±57.47 91.0-298.0 

a) 2 subjects were excluded from analysis based on the RCR cutoff <3. 

BMI=body mass index, RCR=respiratory control ratio, OCR=oxygen consumption rate, SRC=spare respiratory capacity. 
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Table 2: Correlations Between Bioenergetics of Isolated Mitochondria (RCR, state 3, and state 4o) and Gait Speed in Older 

Adults 

Correlation RCR State 3 State 4o 

 r p-value r p-value r p-value 

Pearson 0.536 0.027 -0.13 0.63 -0.41 0.09 

Partial with Age 0.586 0.017 -0.12 0.66 -0.41 0.12 

Partial with BMI 0.539 0.031 -0.10 0.70 -0.40 0.12 

Partial with Gender 0.514 0.042 -0.46 0.08 -0.56 0.02 

Notes: N = 17. Partial correlations were done independently of one another. BMI = body mass index; RCR = respiratory control 

ratio. 

 

 

 

Table 3: Correlations Between PBMC Mitochondrial Bioenergetics (SRC, Max-OCR, and Basal-OCR) and Gait Speed in 

Older Adults 

Correlation SRC Max-OCR Basal-OCR 

 r p-value r p-value r p-value 

Pearson .609 .009 .585 .014 .425 .089 

Partial with Age .598 .015 .573 .020 .416 .109 

Partial with BMI .612 .012 .585 .017 .427 .099 

Partial with Gender .538 .032 .505 .046 .328 .216 

N = 17. Partial correlations were done independently of one another. BMI = body mass index; OCR = oxygen consumption 

rate; PBMC = peripheral blood mononuclear cell; SRC = spare respiratory capacity. 
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Figure 1: Gait speed plotted against RCR of skeletal muscle mitochondria 

 

 
 

Gait speed (m/s) plotted against RCR (state 3/state 4o) of skeletal muscle mitochondria
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Figure 2: Gait speed plotted against SRC, Max-OCR, and basal-OCR measured in 

PBMCs 

 
Gait speed (m/s) plotted against (A) SRC (Max-OCR minus Basal-OCR; 

picomoles/min/500,000 cells), (B) Max-OCR (picomoles/min/500,000 cells), and (C) 

basal-OCR (picomoles/min/500,000 cells) measured in PBMCs.
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ABSTRACT: 

 

Background: Physical function and strength decline with age and lead to limited 

mobility and independence in older adults. Alterations in mitochondrial function are 

thought to underlie numerous age-related changes, including declining physical ability. 

Recent studies suggest that systemic changes in bioenergetic capacity may be reported by 

analyzing mitochondrial function in circulating cells. The objective of this study was to 

determine whether the bioenergetic capacity of peripheral blood mononuclear cells 

(PBMCs) is related to differences in physical function among older, overweight/obese, 

adults. To address this, we tested the hypothesis that greater PBMC respirometric 
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capacity would be associated with better physical function, muscular strength, leg lean 

mass, and muscle quality. Furthermore, we tested whether the respirometric capacity of 

PBMCs is related to cellular composition and inflammatory status reported by interleukin 

6 (IL-6). 

Methods: Fasted PBMC respiration (pmol/min/500,000 cells), expanded short physical 

performance battery (Ex-SPPB), peak knee extensor (KE) strength (Nm), grip strength 

(kg), leg lean mass (kg, via dual energy X-ray absorptiometry [DXA]), muscle quality 

(Nm/kg), and plasma IL-6 (pg/mL) were analyzed in 15 well-functioning, community-

dwelling, sedentary overweight/obese older men (n=9) and women (n=6) aged 65 to 78 

(mean 68.3 ± 3.5 years). Pearson and partial correlations were calculated to determine 

associations between PBMC respiration and these variables. 

Results: Higher maximal respiration of PBMCs was associated with better Ex-SPPB (r = 

0.58, p = 0.02), greater KE strength (r = 0.60, p = 0.02), greater grip strength (r = 0.52, p 

= 0.05) and lower IL-6 (r = -0.58, p = 0.04). Higher spare respiratory capacity was 

associated with better Ex-SPPB (r = 0.59, p = 0.02), greater KE strength (r = 0.60, p = 

0.02), greater grip strength (r = 0.54, p = 0.04), greater leg muscle quality (r = 0.56, p = 

0.04), and lower IL-6 (r = -0.55, p = 0.05). Monocyte and lymphocyte counts were not 

related to PBMC respiratory capacity. 

Conclusions: Our results indicate that respirometric profiles of readily obtainable blood 

cells are associated with physical function and strength. Future studies should be 

undertaken in order to determine whether blood-based bioenergetic profiling can provide 

an objective index of systemic mitochondrial health. 
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1. INTRODUCTION 

The maintenance of physical function is a critical factor for mobility and 

independence in the growing population of adults 65 years and older (Katz et al., 1983; 

Avila et al., 2012). Measures of physical function, specifically involving the lower 

extremities, are strong predictors of morbidity and mortality (Guralnik et al., 1995), 

generalizable to older adults with a wide range of physical abilities, including those that 

are well-functioning (Simonsick et al., 2001). Physical function tests integrate multiple 

physiological systems including: nervous, musculoskeletal, and energy 

production/delivery, which likely underlies their ability to predict morbidity and 

mortality (Ferrucci et al., 2000). Our group has reported that chronic inflammation, such 

as elevated interleukin-6 (IL-6) levels in plasma, are associated with poorer physical 

function in older adults across a variety of diseases/health conditions, supporting the 

hypothesis that chronic inflammation represents a common mechanism underlying age-

related functional decline (Brinkley et al., 2009). Indeed, studies focused on IL-6 have 

shown that blood levels and d production of IL-6 are higher with advancing age (Ferrucci 

et al., 2005). In particular, there is a dramatic increase in the number of individuals with 

elevated IL-6 levels over the age of 70 years (Giuliani et al., 2001). In addition, chronic 

inflammation, along with other circulating factors, has been shown to detrimentally affect 

mitochondrial function in muscle tissue (Valerio et al., 2006). 

Although measures of physical function are important indicators of health in 

geriatrics, the biological mechanisms that underlie age-related decline in physical 

function and associated health consequences are not fully understood. Aging and 

declining function are associated with bioenergetic decline. For example, lower maximal 
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adenosine triphosphate (ATP) production in vastus lateralis skeletal muscle is associated 

with reduced physical function and aerobic capacity (Joseph et al., 2012; Tyrrell et al., 

2014; Coen et al., 2013). Multiple lines of evidence, including these data, suggest that 

mitochondrial function is vitally important for physical function, particularly in the 

context of aging. 

Bioenergetic profiling using readily obtainable blood-cells has been proposed as a 

way to assess systemic mitochondrial health (Chacko et al., 2014; Ravi et al., 2014). 

There is mounting evidence that circulating factors, including inflammatory cytokines, 

can mediate bioenergetic decline in multiple tissues throughout the body (Salminen et al., 

2012). The effects of these factors on mitochondrial bioenergetics may be reflected in the 

respiratory profiles of circulating cells such as peripheral blood mononuclear cells 

(PBMCs). In fact, we recently showed that mitochondrial function measured in both 

skeletal muscle and PBMCs was associated with gait speed among older adults (Tyrrell et 

al., 2014). To expand on this work, the main objective of the current study was to 

determine whether physical and muscle function are related to bioenergetic capacity of 

PBMCs in well-functioning, community-dwelling, overweight/obese older adults. We 

also determined whether the heterogeneous composition of PBMCs underlies their 

bioenergetic capacity and whether the proinflamatory cytokine IL-6 is associated with 

PBMC respiratory capacity. 

2. METHODS 

2.1 Participants 

Fifteen participants were included in this study of older (65–79 years), overweight 

and obese (body mass index [BMI]: 28–35 kg/m2), sedentary men (n=9) and women 
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(n=6) recruited to participate in a clinical trial of resistance training with or without 

dietary-induced weight loss. The assessments reported here were conducted at baseline, 

prior to randomization. 

Eligible participants were in good health and had normal cognitive function, used 

no walking aids, and did not have uncontrolled diabetes or hypertension, cardiovascular 

disease, abnormal liver or kidney function, or cancer requiring treatment in the past 2 

years. The study was approved by the Wake Forest School of Medicine Institutional 

Review Board and all participants provided written, informed consent. 

2.2 Physical Function 

2.2.1 Expanded Short Physical Performance Battery 

The expanded short physical performance battery (Ex-SPPB) was used as 

previously reported to prevent ceiling effects when applying the measure to well-

functioning, community-dwelling older adults (Simonsick et al., 2001). Briefly, the Ex-

SPPB consists of a usual gait speed test, a usual gait speed test using a narrow course (20 

cm), 5 repeated chair stands, and 30 second standing balance tests (semi-, full-tandem, 

and single leg). Scores and times are recorded for each and converted to ratios and 

summed to get a composite score on a continuous scale ranging from 0 to 4. 

2.3 Muscle Strength 

2.3.1 Peak Knee Extensor Strength 

Peak knee extensor (KE) strength (in Newton meters; Nm) was measured on a 

dynamometer (Biodex Medical Systems, Inc., Shirley, NY) at 60° per second with the 

participant seated and the hips and knees flexed at 90°. To stabilize the hip joint and the 

trunk, participants were restrained with straps at the chest, hip and thigh. Seat height and 
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depth, and the position of the lever arm ankle pad were adjusted to accommodate each 

participant. Participants were asked to extend the knee and push as hard as possible 

against the ankle pad. Strength of the right leg recorded as peak torque was used for 

analyses.  

2.3.2 Grip Strength 

Grip strength was measured twice on each hand to the nearest kg using an isometric 

Hydraulic Hand Dynamometer (Jamar, Bolingbrook, IL) and the maximal value from 

both hands was used in analyses. 

2.4 Leg Lean Mass and Muscle Quality 

Leg lean mass was measured by dual energy X-ray absorptiometry (DXA, 

Hologic Delphi QDR, Bedford, MA). Muscle quality was calculated as the ratio of knee 

extensor peak torque to lean mass of the right leg assessed by DXA (Nm/kg leg lean 

mass). 

2.5 Blood Draw 

Blood draws were performed in the morning after an overnight fast and were 

processed immediately after collection. 8 mL of whole blood was collected into cell 

preparation tubes (Vacutainer; Becton Dickinson, Franklin Lakes, NJ) for PBMC 

separation. 

2.6 Respirometry of Peripheral Blood Mononuclear Cells 

PBMCs were washed with phosphate-buffered saline and resuspended in 

extracellular flux (XF) assay buffer containing 1 mM Na+-pyruvate and 11 mM D-

glucose (pH 7.4) for respirometry experiments. Using a defined series of inhibitors and 

uncoupler, the basal and maximal cellular respiration was quantified and used to calculate 
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spare respiratory capacity (SRC) (Desler et al., 2012; Ferrick et al., 2008). A total of 

500,000 cells were plated per well of the Seahorse microplate. Basal oxygen consumption 

rate (OCR) measures were followed by sequential addition of oligomycin (750 nM), 

Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP; 1 µM), and antimycin-

A/rotenone (both 1 µM). Maximal OCR was calculated after addition of FCCP, a potent 

mitochondrial uncoupler. The use of FCCP as a chemical uncoupler allows us to estimate 

maximal respiration. SRC was calculated as the difference between Maximal OCR and 

the Basal OCR. 

2.7 Inflammatory Cytokine Quantification 

Blood from 12-hour fasted participants was collected, processed, divided into 

aliquots, stored at −80°C, and analyzed according to previously published methods 

(Beavers et al., 2010). Briefly, high-sensitivity IL-6 assays were run using Quantikine 

ELISA kits from R&D systems (Minneapolis, MN). All samples were measured in 

duplicate, and the average of the two values was used for data analyses. 

2.8 Statistical Analyses 

Normality of distributions was assessed using Shapiro-Wilk tests. All variables 

were normally distributed except for monocyte cell count, which was square-root 

transformed to achieve a normal distribution. Pearson correlation coefficients and partial 

correlations (individually adjusted for age, BMI, or sex) were calculated using SPSS v.21 

(Armonk, NY) to examine relationships between the dependent variables (physical 

function, muscle strength, leg lean mass, muscle quality, muscle mass, PBMC cell 

counts, and plasma IL-6 level) and the independent variables (SRC, maximal respiration, 

and basal respiration). An alpha level of 0.05 was used to assess statistical significance. 
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3. RESULTS 

3.1 Participant Characteristics 

The demographics and bioenergetic data are summarized in Table 1. Participants were 

older (mean age: 68.3 years), overweight or obese (mean BMI: 30.8 kg/m2), community-

dwelling, sedentary men and women (40% females). 

 

Table 1: Participant Demographics, Physical function, Strength, Blood Cell counts, 

and Bioenergetic Characteristics 

 Mean ± SD Range 
Age (years) 68.3 ± 3.5 65-78 
BMI (kg/m

2
) 30.8 ± 2.4 27.0-34.9 

Fast-Paced 400m Walking Speed (m/s) 1.5 ± 0.2 1.1-1.8 
Expanded SPPB (range =0-4) 2.5 ± 0.3 2.1-2.9 
Knee Extensor Strength (Nm) 122.0 ± 36.0 57.9-179.5 
Leg Lean Mass (kg) 8.3 ± 1.6 6.4-11.1 
Muscle Quality (Nm/kg) 12.4 ± 2.5 7.6-17.3 
Grip Strength (kg) 35.6 ± 10.7 20.0-52.0 
Interleukin-6 Level (pg/mL) 2.2 ± 0.8 1.3-3.5 
Monocyte Cell Count (per mL whole blood)

1 486667 ± 155226 300000-900000 
Lymphocyte Cell Count (per mL whole blood) 1826667 ± 563746 500000-2600000 
Basal OCR (pmol/min/500,000 cells) 146.3 ± 51.3 59.7-256.1 
Maximal OCR (pmol/min/500,000 cells) 573.1 ± 212.0 285.5-980.2 
Spare Respiratory Capacity (pmol/min/500,000 

cells) 
426.8 ± 167.8 183.7-779.2 

Notes: N=13-15; SPPB = Short Physical Performance Battery; BMI = body mass index, 

OCR = oxygen consumption rate. 
1 Monocyte cell count was square-root transformed to achieve normal distribution in 

subsequent figures. 

 

3.2 Relationship Between Physical Function and Blood Bioenergetics 

Correlations between PBMC SRC, maximal respiration, and basal respiration with 

physical function, muscle strength, lean mass, muscle quality, and IL-6 are summarized 

in Table 2.
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Table 2: Correlations Between PBMC Bioenergetics (Spare Respiratory Capacity, 

Maximal Respiration, and Basal Respiration) with Physical Function, Strength, 

Lean Mass, Muscle Quality, and Interleukin-6 

 Spare Respiratory 

Capacity 

Maximal 

Respiration 

Basal Respiration 

Correlation r p-value r p-value r p-value 

Expanded Short Physical Performance Battery 

Pearson 0.59 0.02* 0.58 0.02* 0.50 0.06^ 

Partial (age) 0.59 0.02* 0.59 0.02* 0.50 0.07^ 

Partial (sex) 0.55 0.04* 0.55 0.04* 0.46 0.10^ 

Partial (BMI) 0.59 0.02* 0.59 0.03* 0.49 0.07^ 

Partial (IL-6) 0.62 0.04* 0.63 0.04* 0.57 0.07^ 

Knee Extensor Strength 

Pearson 0.60 0.02* 0.60 0.02* 0.51 0.05* 

Partial (age) 0.61 0.03* 0.59 0.03* 0.47 0.10^ 

Partial (sex) 0.66 0.01** 0.65 0.01** 0.55 0.05* 

Partial (BMI) 0.63 0.02* 0.62 0.02* 0.53 0.06^ 

Partial (IL-6) 0.55 0.08^ 0.56 0.08^ 0.50 0.11 

Grip Strength 

Pearson 0.54 0.04* 0.52 0.05* 0.40 0.13 

Partial (age) 0.59 0.04* 0.59 0.04* 0.49 0.10^ 

Partial (sex) 0.53 0.05* 0.51 0.06^ 0.35 0.21 

Partial (BMI) 0.57 0.03* 0.57 0.03* 0.52 0.06^ 

Partial (IL-6) 0.54 0.08^ 0.54 0.09^ 0.45 0.17 

Leg Lean Mass       

Pearson 0.23 0.42 0.18 0.53 -0.02 0.96 

Partial (age) 0.18 0.55 0.13 0.68 -0.07 0.82 

Partial (sex) 0.29 0.34 0.23 0.46 0.01 0.98 

Partial (BMI) 0.20 0.51 0.17 0.57 0.05 0.86 

Partial (IL-6) -0.00 0.99 -0.03 0.92 -0.12 0.72 

Leg Muscle Quality       

Pearson 0.56 0.04* 0.51 0.06^ 0.29 0.31 

Partial (age) 0.54 0.06^ 0.48 0.10^ 0.23 0.45 

Partial (sex) 0.49 0.09^ 0.44 0.13 0.21 0.48 

Partial (BMI) 0.55 0.05* 0.52 0.07^ 0.33 0.26 

Partial (IL-6) 0.50 0.12 0.47 0.14 0.33 0.32 

Plasma Interleukin-6       

Pearson -0.55 0.05* -0.58 0.04* -0.61 0.03* 

Partial (age) -0.61 0.03* -0.64 0.03* -0.63 0.03* 

Partial (sex) -0.60 0.04* -0.65 0.02* -0.69 0.01* 

Partial (BMI) -0.53 0.08^ -0.56 0.06^ -0.59 0.04* 

Notes: N=13-15; SPPB = Short Physical Performance Battery; BMI = body mass index  

^ p≤0.1, * p≤0.05, ** p≤0.01 

Ex-SPPB was plotted against SRC (pmol/min/500,000 cells), maximal respiration 

(pmol/min/500,000 cells), and basal respiration (pmol/min/500,000 cells) in Figure 1A-

C. Higher SRC and maximal respiration were associated with greater Ex-SPPB scores. 
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Figure 1: Expanded SPPB, peak knee extensor strength, and grip strength plotted 

against SRC, maximal respiration, and basal respiration in peripheral blood 

mononuclear cells. 

 
Expanded SPPB plotted against (A) SRC (maximal respiration minus basal respiration; pmol/min/500,000 

cells), (B) maximal respiration (pmol/min/500,000 cells), and (C) basal respiration (pmol/min/500,000 

cells) in peripheral blood mononuclear cells. Peak knee extensor strength (Nm) plotted against (D) SRC, 

(E) maximal respiration, and (F) basal respiration in peripheral blood mononuclear cells. Grip strength (kg) 

plotted against (G) SRC, (H) maximal respiration, and (I) basal respiration in peripheral blood mononuclear 

cells. 

SPPB, short physical performance battery; SRC, spare respiratory capacity. 

N = 15. 

 

3.3 Relationship Between Strength and Blood Bioenergetics 

Peak KE strength (Nm) was plotted against SRC, maximal respiration, and basal 

respiration in Figure 1D-F. These results are summarized in Table 2. Higher SRC and 
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maximal respiration were associated with greater peak KE strength. Positive correlations 

between SRC and maximal respiration remained significant after independent 

adjustments for age, sex, and BMI (Table 2). The positive association between basal 

respiration and peak KE strength also reached statistical significance when adjusting for 

sex. Grip strength (kg) was plotted against SRC, maximal respiration, and basal 

respiration in Figure 1G-I. Higher SRC and maximal respiration were associated with 

greater grip strength. These associations remained significant after independent 

adjustments for age and BMI. When adjusting for sex, SRC remained significantly 

positively associated with grip strength and the correlation between maximal respiration 

and grip strength had a trend toward significance.  

3.4 Relationships Between Muscle Mass and Quality and Blood Bioenergetics 

Leg lean mass (kg) was plotted against SRC, maximal respiration, and basal respiration 

in Figure 2A-C. These results are summarized in Table 2. 

 

Figure 2: Leg lean mass plotted against: SRC, maximal respiration, and basal 

respiration in peripheral blood mononuclear cells 

 
Leg lean mass (kg) plotted against: (A) SRC (maximal respiration minus basal respiration; 

pmol/min/500,000 cells), (B) maximal respiration (pmol/min/500,000 cells), and (C) basal respiration 

(pmol/min/500,000 cells) in peripheral blood mononuclear cells. 

SRC, spare respiratory capacity. 

N = 14. 
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There were no significant correlations between leg lean mass and PBMC bioenergetic 

parameters. Muscle quality (Nm/kg) was plotted against SRC, maximal respiration, and 

basal respiration in Figure 3A-C. These results are summarized in Table 2 and show a 

significant positive association between muscle quality and SRC, as well as a trend for a 

significant association between muscle quality and maximal respiration. The significant 

association between muscle quality and SRC as well as the trend for significance between 

muscle quality and maximal respiration remained after independently adjusting for BMI. 

The associations were no longer statistically significant after adjusting for age and sex; 

however, a trend toward a statistically significant p-value remained. 

 

Figure 3: Muscle Quality plotted against: SRC, maximal respiration, and basal 

respiration in peripheral blood mononuclear cells 

 
Muscle Quality (peak knee extensor strength divided by leg lean mass; Nm/kg) plotted against: (A) SRC 

(pmol/min/500,000 cells), (B) maximal respiration (pmol/min/500,000 cells), and (C) basal respiration 

(pmol/min/500,000 cells) in peripheral blood mononuclear cells. 

SRC, spare respiratory capacity. 

N = 14. 

 

3.5 Relationship Between Interleukin 6 and Blood Bioenergetics 

Plasma level of IL-6 was plotted against SRC, maximal respiration, and basal respiration 

in Figure 4A-C. These results are summarized in Table 2 and show a statistically 

significant negative correlation, indicating that greater levels of IL-6 were associated with 
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reduced bioenergetic function. These associations remained statistically significant when 

independently adjusting for age and sex. When adjusted for BMI, only the association 

between basal respiration and plasma IL-6 remained significant; however the p-values for 

correlations between SRC and maximal respiration and IL-6 level had trends toward 

statistical significance. These results suggest a relationship between systemic 

inflammatory status and systemic mitochondrial bioenergetic function measured in 

peripheral blood cells. 

Figure 4: Interleukin-6 level plotted against: SRC, maximal respiration, and basal 

respiration in peripheral blood mononuclear 

cells

 
Interleukin-6 level (pg/mL) plotted against: (A) SRC (maximal respiration minus basal respiration; 

pmol/min/500,000 cells), (B) maximal respiration (pmol/min/500,000 cells), and (C) basal respiration 

(pmol/min/500,000 cells) in peripheral blood mononuclear cells. 

SRC, spare respiratory capacity. 

N = 13. 

 

3.6 Relationships Between Blood-cell Counts and Blood Bioenergetics 

Monocyte cell count (cells/mL whole blood) was plotted against SRC, maximal 

respiration, and basal respiration in Figure 5A-C, and lymphocyte cell count (cells/mL 

whole blood) was plotted against SRC, maximal respiration, and basal respiration in 

Figure 5D-F. Our results show no significant associations between monocyte or 

lymphocyte cell counts and SRC, maximal respiration, or basal respiration, indicating 
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that the absolute number of lymphocytes or monocytes was not associated with 

bioenergetic function measured in PBMCs. 

 

Figure 5: Monocyte and lymphocyte cell count plotted against: SRC, maximal 

respiration, and basal in peripheral blood mononuclear cells 

 

Monocyte cell count (cells/mL blood; square root transformed) plotted against: (A) SRC (maximal 

respiration minus basal respiration; pmol/min/500,000 cells), (B) maximal respiration (pmol/min/500,000 

cells), and (C) basal respiration (pmol/min/500,000 cells). Lymphocyte cell count (cells/mL blood) plotted 

against: (D) SRC (pmol/min/500,000 cells), (E) maximal respiration (pmol/min/500,000 cells), and (F) 

basal respiration (pmol/min/500,000 cells) in peripheral blood mononuclear cells. 

SRC, spare respiratory capacity. 

N = 15. 

 

4. DISCUSSION 

The findings presented in this manuscript indicate that, in a cohort of well-

functioning, overweight/obese community-dwelling older adults aged 65 to 78 years, 

without overt aging-related disease, higher maximal respiration and SRC of PBMCs were 

associated with better Ex-SPPB, greater peak KE strength, grip strength, greater leg 
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muscle quality, and lower plasma IL-6 level. As a measure of bioenergetic capacity, SRC 

is indicative of the maximum amount of ATP that can be generated in response to 

increased energy demand above resting cellular energy requirements (Brand and 

Nicholls, 2011). Similar to the age-dependent decline in physical function and muscular 

strength, SRC declines with aging in multiple tissues including neurons (Nicholls, 2002), 

cardiac (Gong et al., 2003 and Hill et al., 2009), and skeletal muscle (Kayo et al., 2001, 

Short et al., 2005 and Hiona et al., 2010). An age-related decline in SRC is even evident 

in well-functioning, older adults who engage in exercise (Waters et al., 2003); however, 

exercise partially ablates this decline (Menshikova et al., 2006). Moreover, in our study, 

bioenergetic capacity was negatively correlated with circulating IL-6, an inflammatory 

cytokine that increases with age and is related to an array of geriatric syndromes and 

chronic diseases (Taaffe et al., 2000 and Nicklas et al., 2008). Previous studies support 

functional relationships between parameters of mitochondrial bioenergetic capacity in 

blood cells with aerobic activities (Tyrrell et al., 2014); however, our data further indicate 

that the relationship of bioenergetic capacity with measures of peak muscle strength 

which are primarily anaerobic. Circulating inflammatory cytokines may be one link 

mediating relationships between blood-cell bioenergetics and peak muscle strength. 

Cytokines are known to damage mitochondrial DNA and protein as well as induce redox 

stress which may result in dysfunction of the more anaerobic phosphocreatine system in 

mitochondria as well as the ETC. (Sweet et al., 2009, Zhou et al., 2011 and Valerio et al., 

2006). Exposure to higher levels of IL-6 was associated with reduced muscle function in 

a study of age-matched older adults (Bautmans et al., 2005), and IL-6 overexpression has 

been shown to regulate muscle protein breakdown (Tsujinaka et al., 1995). This would 
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reduce both aerobic and anaerobic power, and cytokines may also cause diminished 

blood-cell bioenergetic capacity. Taken together, our results show a relationship between 

reduced PBMC mitochondrial function with reduced muscle strength, muscle quality, and 

overall physical function, with age-related chronic inflammation as a possible mediating 

factor for both physical and bioenergetic decline. Further studies are required to 

determine whether reduced blood cell bioenergetic capacity precedes age-dependent 

declines in muscular and physical function and whether or not they are a product of 

chronic inflammation. 

We and others have proposed that measures of mitochondrial function in 

circulating cells may provide a biomarker of systemic mitochondrial health that may be 

related to numerous disorders linked to mitochondrial dysfunction (Tyrrell et al., 2014, 

Ravi et al., 2014 and Chacko et al., 2014). We propose that bioenergetic decline 

associated with age-related disorders may be diagnosed using blood cell reporters. 

Indeed, aging-related diseases such as atherosclerosis and diabetes also present with 

components of mitochondrial dysfunction which can be detected in skeletal muscle 

(Larsen et al., 2011) as well as peripheral blood cells (Japiassu et al., 2011, Hartman et 

al., 2014 and Avila et al., 2012). Here we extend these observations by providing 

evidence that phenotypic profiling of PBMCs is associated with key physical markers of 

aging, including reduced physical function, muscle strength and quality, and higher 

inflammatory status. 

Bioenergetic capacity across multiple tissues declines with age (Short et al., 2005 

and Hansford, 1983). Although it is unknown how mitochondrial function or content are 

altered in peripheral blood cells with age, transcriptomic studies in human monocytes 
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show a marked downregulation of mitochondrial electron transport chain (ETC) gene 

expression with increasing age as well as distinct changes in DNA methylation patterns 

(Reynolds et al., 2014 and Reynolds et al., 2015). These data suggest that systemic 

cellular changes associated with aging, including bioenergetic decline, is evident in blood 

cells. Further support for this idea comes from a recent publication from our group that 

demonstrated an association between PBMC bioenergetic capacity with 400 m gait speed 

(Tyrrell et al., 2014). Gait speed is a predictor of morbidity and mortality among older 

adults (Studenski et al., 2011). It is hypothesized that this prognostic ability stems from 

the integration of multiple physiological systems that contribute to gait speed. In this 

manuscript, we focus on specific measures that can directly contribute to gait speed 

including lower body physical function, muscle strength, and muscle quality; and 

measures that may indirectly contribute by impacting muscle function, such as 

inflammation. Importantly, the statistically significant partial correlations between SRC 

and maximal respiration with Ex-SPPB, and both KE and grip strength show these 

associations are independent of age, sex, and BMI. Our data indicate that PBMC 

bioenergetic function may be more indicative of muscle function and strength than 

overall muscle mass because associations with muscle mass were weak in comparison to 

muscle strength and quality. 

Previously, it was not known if the heterogeneous composition of PBMCs 

influenced the bioenergetic profiles of these cells. The major cell types represented in 

PBMCs, lymphocytes and monocytes, have unique and distinct bioenergetic profiles 

(Kramer et al., 2014a and Kramer et al., 2014b). Our results suggest that, although there 

is heterogeneity in the composition of PBMCs, this variability is not correlated with the 



127 

 

basal, maximal, and spare respiratory capacity of PBMCs as a whole. This suggests that 

the cellular composition of PBMCs does not impact the associations with measures of 

physical function, muscle strength, or muscle quality. Nevertheless, because specific 

PBMC types go on to mediate specific stress signals and responses, future studies should 

investigate whether stronger correlations with measures of physical function or strength 

might be found if homogenous populations of cells were profiled. 

It is hypothesized that mitochondria may provide a robust indicator of 

bioenergetic crisis because they are sensitive to redox status (Bonnard et al., 2008), acute 

and chronic inflammation (Sun et al., 2014, Quoilin et al., 2014 and Zapelini et al., 2008), 

and metabolic stress (Russell et al., 2002, Widlansky et al., 2010 and Schulz et al., 2007), 

which are common features among many of the complex, chronic diseases associated 

with aging (Chacko et al., 2014, Kramer et al., 2014a and Kramer et al., 2014b). 

Peripheral blood cells may recapitulate bioenergetic signatures found in skeletal muscle 

and other vascular tissues. Indeed, a number of papers have reported that skeletal muscle 

mitochondrial metabolism is related to aging and physical function decline (Tyrrell et al., 

2014, Coen et al., 2013 and Joseph et al., 2012). Stress signals may be released from cells 

in affected tissues, and adjuncts or metabolites of those signals can be secreted into blood 

where they exert their effect on peripheral blood-cell mitochondria (Ravi et al., 2014, 

Kramer et al., 2014a and Kramer et al., 2014b). Alternatively, systemic circulating stress 

signals known to affect various tissues may simultaneously exert detrimental effects on 

blood-cell bioenergetics, as is likely the case with hyperglycemia and insulin resistance 

(Rolo and Palmeira, 2006 and Widlansky et al., 2010). Similarly, our data shows that 

SRC, maximal respiration, and basal respiration in peripheral blood cells negatively 
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correlates with plasma IL-6 level, independently of age, sex, and BMI. In either scenario, 

blood-based bioenergetic profiling may be able to report on systemic mitochondrial 

changes related to disease progression or functional status. 

This cross-sectional analysis revealed associations between peripheral blood-cell 

bioenergetics with physical function, strength, muscle quality, and inflammation in well-

functioning, overweight/obese community-dwelling older adults. To date, no single 

assessment provides a reliable readout of systemic age-related bioenergetic decline. 

Multiple lines of evidence suggest that systemic mitochondrial health, assessed using 

readily obtainable blood cells may provide this index. As we further understand the role 

of mitochondria in aging, this assay may provide a powerful and objective diagnostic and 

prognostic tool to detect and track bioenergetic health with age, which can be 

implemented in large-scale clinical trials, and potentially, geriatric practice. 
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INTRODUCTION 

Obesity prevalence is increasing among older adults which is concerning for 

global health. (18; 20) Total adiposity and distribution of adipose is associated with 

reduced physical function and higher incidence of disability, including frailty. (3; 16; 21; 

31; 34) Obesity is also related to cardiometabolic disorders in older adults. (15; 27; 33; 

38) The most commonly prescribed treatment for obesity, recommended by the American 

College of Sports Medicine and the American Heart Association is weight loss by caloric 

restriction combined with exercise. (32) Weight loss has many positive effects on aging-

related diseases and cardiometabolic health. (2; 13; 23) Thus, differences in adiposity 

likely underlie determinants of deleterious age-related changes in metabolic and 

physiologic function. 

 Skeletal muscle mitochondrial dysfunction is independently related to aging and 

obesity and has been studied extensively over the past decades. There are age-related 

declines in skeletal muscle mitochondrial ATP production (36), respiratory function (11; 

40), and mitochondrial mass. (1) Similarly, obesity reduces mitochondrial oxidative 

phosphorylation (8; 41) and mitochondrial mass. (35) Conversely, weight loss and 

exercise can increase mitochondrial mass. (25) Limited evidence suggests that weight 

loss increases mitochondrial function; however, aerobic exercise may enhance 

mitochondrial oxidative phosphorylation. (5; 7) It remains unknown whether exercise or 

weight loss stimulates similar changes in blood cell mitochondria because these studies 

are limited; however, mitochondrial content in blood cells, measured by mtDNA copy 

number, declines with age. (22; 28) Additionally, mtDNA is linked to many diseases 

including Huntington's (9), HIV (30), cancer (39; 42), and Alzheimer's disease (26). It 
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remains unknown whether weight loss or exercise results in alteration of mitochondrial 

function. 

To date, links between exercise and fat mass loss with blood cell mitochondrial 

function are unknown in older adults. In the present study, we examined mitochondrial 

bioenergetics of PBMCs in response to RT and RT_WL. These changes were compared 

with changes to mitochondrial content and body fat distribution changes. The purpose 

was to test the hypothesis that RT and RT_WL interventions increase blood cell 

respiratory capacity and this would relate to decreased body fat in older men and women. 

METHODS 

Participants 

Seventeen volunteers were included in this study of older (65–79 years), 

overweight and obese (body mass index [BMI]: 28–35 kg/m2), sedentary men and 

women randomized to participate in a clinical trial of RT with or without weight loss. 

Eligible participants were in good health and had normal cognitive function, used no 

walking aids, and did not have uncontrolled diabetes or hypertension, cardiovascular 

disease, abnormal liver or kidney function, or cancer requiring treatment in the past 2 

years. The study was approved by the Wake Forest School of Medicine Institutional 

Review Board and all participants provided written, informed consent. 

Body composition measures 

Total fat and lean mass were measured by dual-energy x-ray absorptiometry 

(DXA; Hologic Delphi QDR) by a certified technician. Whole body scans were acquired 

with the participant supine and aligned with the scanner table as prescribed by the 

manufacturer. A measure of lower body adiposity (leg-to-total fat mass) was calculated 
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as fat mass in both legs divided by total body fat mass. Thigh adipose tissue composition 

was measured on a 64 slice computed tomography (CT) scanner (LightSpeed PlusTM, 

General Electric Medical Systems, Milwaukee) located in the Wake Forest School of 

Medicine Center for Biomolecular Imaging. Thigh scans were conducted at 120 KVp, 

350 mA, 10 mm helical with a pitch of 11.25 mm/rotation and a gantry speed of 0.8 s. 

Measurements were performed on set of slices covering 50 mm of distance from the head 

to foot (z-axis) of the participant with the volume centered at the junction of the proximal 

and middle third of the femur as measured from the scout topogram. The volume of 

adipose tissue was segmented and measured using the GE Healthcare, Advantage 

Windows 4.2 Volume Viewer (Waukesha, WI). 

Blood draw 

Blood draws were performed after overnight fast and were processed immediately 

upon collection. 8 mL of whole blood was collected into cell preparation tubes (CPT 

Vacutainer; Becton Dickinson, Franklin Lakes, NJ) for PBMC separation. 

Respirometry of peripheral blood mononuclear cells 

PBMCs were washed with PBS and resuspended in XF assay buffer containing 1 

mM Na+-pyruvate and 11 mM D-glucose (pH 7.4) for respirometry experiments. Using a 

defined series of inhibitors and uncoupler, the basal and maximal cellular respiration was 

quantified and used to calculate reserve respiration. (12; 14) A total of 500,000 cells were 

plated per well of the Seahorse microplate. Basal OCR measures were followed by 

sequential addition of oligomycin (750 nM), FCCP (1 µM), and antimycin-A/rotenone 

(both 1 µM). Maximal OCR was calculated after addition of FCCP, a potent 

mitochondrial uncoupler. The use of FCCP as a chemical uncoupler allows us to estimate 
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maximal respiration. Reserve respiratory capacity was calculated as the difference 

between maximal and basal OCR. 

Inflammatory Cytokine Quantification 

Blood was collected, processed, divided into aliquots, stored at −80°C, and 

analyzed according to published methods. (4) Briefly, high-sensitivity IL-6 assays were 

run using Quantikine ELISA kits from R&D systems (Minneapolis, MN). All samples 

were measured in duplicate, and the average of the two values was used for data analyses. 

Statistical Analyses 

All variables were normally distributed as assessed by Shapiro-Wilk tests. 

Pearson correlation coefficients were calculated using SPSS v.21 (Armonk, NY) to 

examine relationships between the dependent adiposity variables and the independent 

bioenergetic variables. An alpha level of 0.05 was used to assess statistical significance.  

RESULTS 

Baseline Characteristics of I'M FIT 

 Baseline characteristics for a subset of 17 older adults from the Improving Muscle 

for Functional Independence Trial (I'M FIT; NCT01049698) are summarized in Table I. 

The mean age was 68.1 years, and participants completed either RT (n=10) or RT_WL 

(n=7) intervention. Baseline BMI was 31.1 kg/m2 and 29.2 kg/m2 for the RT and RT_WL 

groups, respectively. No significant differences between the groups for age, sex, total 

thigh fat volume, subcutaneous (SC) thigh fat volume, intermuscular (IM) thigh fat 

volume, fat mass, or BMI existed at baseline. 
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Changes in Clinical Measures in I'M FIT 

 Total fat mass was significantly reduced by an average of 4.7kg from baseline in 

the RT_WL group (p=0.001) but not in the RT group (Figure 1). Thigh fat volume also 

significantly decreased for total thigh fat (-112.2 cm3, p=0.03), SC thigh fat volume (-

108.0 cm3, p=0.03), and IM thigh fat volume (-4.2 cm3, p=0.04) whereas none of these 

significantly decreased in the RT group (Figure 1). The change in lean mass was not 

significantly different between groups. Monocyte, lymphocyte, and neutrophil cell counts 

were not statistically significantly different from baseline after the intervention. No 

change from baseline was found for the inflammatory cytokine, IL-6 either (Figure 2). 

Peripheral blood mononuclear cell bioenergetics in I'M FIT 

 There were no group differences with basal (p=0.17), oligomycin-induced 

(p=0.47), maximal (p=0.27), non-mitochondrial (p=0.17), or reserve capacity (p=0.33) 

OCR at baseline (Figure 3). There were also no significant group differences for change 

in basal (p=0.35), oligomycin-induced (p=0.56), maximal (p=0.29), non-mitochondrial 

(p=0.86), or reserve capacity (p=0.32) OCR (Figure 4). Mean PBMC OCRs were 

significantly reduced from baseline in both groups for basal (-103.1 pmol/min/500,000 

cells, p=0.00), oligomycin (-26.5 pmol/min/500,000 cells, p=0.00), maximal (-420.2 

pmol/min/500,000 cells, p=0.00), non-mitochondrial (-16.7 pmol/min/500,000 cells, 

p=0.00), and reserve capacity (-333.6 pmol/min/500,000 cells, p=0.00). We observed no 

significant mtDNA change from baseline (p=0.15) or difference in change with groups 

(p=0.97) (Figure 4). Baseline basal PBMC correlated with the change in BMI (R=0.55, 

p=0.03), total fat mass (R=0.64, p=0.01; Figure 5), thigh fat volume (R=0.54, p=0.03), 

SC thigh fat volume (R=0.52, p=0.04), and IM thigh fat volume (R=0.67, p=0.00) but not 
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waist circumference (Table II). Maximal PBMC OCR also correlated with total fat mass 

(R=0.58, p=0.02; Figure 5), thigh fat volume (R=0.62, p=0.01), SC thigh fat volume 

(R=0.61, p=0.01), and IM thigh fat volume (R=0.52, p=0.04) (Table II). Similarly, 

reserve PBMC respiratory capacity correlated with total fat mass (R=0.53, p=0.03), thigh 

fat volume (R=0.61, p=0.01), and SC thigh fat volume (R=0.60, p=0.01) (Table II). 

Unlike baseline basal and maximal respiration, reserve capacity did not significantly 

correlate with IM thigh fat. Change in PBMC maximal OCR and reserve capacity 

positively correlated with the change in total fat mass (R=0.56, p=0.03 and R=0.55, 

p=0.03; respectively) (Table III). 

DISCUSSION 

This is the first study to show an effect of physical function or weight loss 

intervention on PBMC respiratory capacity in older adults. Our main finding was that 

lower baseline PBMC basal, maximal, and reserve respiratory capacity predicted greater 

fat mass loss measured by BMI, total fat mass, and thigh fat volume. Additionally, a 

greater decrease in PBMC maximal and reserve respiratory capacity correlated with 

greater fat mass loss. These results were observed for all body fat measures, not specific 

thigh fat distribution. Interestingly, we observed no group difference respiratory function; 

however, there was a greater body fat reduction in the RT_WL group. PBMC respiratory 

capacity reduced to a similar level in both groups. Our results suggest that resistance 

exercise, which was present in both groups, drove bioenergetic outcomes. 

Resistance and aerobic training are known to increase skeletal muscle 

bioenergetic function (19; 24; 37), and several studies demonstrate increased fatty acid 

oxidation with weight loss in muscle tissue. (6; 29; 41) One study using caloric restriction 
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in combination with aerobic exercise also found increases in muscle fatty acid oxidation. 

(17) In the present study, PBMC respiration was measured using glucose as the fuel 

source, and although fatty acid oxidation may have increased, it was not measured here. 

Although we cannot rule out increased fatty acid oxidation, the reduction in PBMC 

respiration along with no change in cell count or mitochondrial content measured by 

mtDNA copy number suggests that RT and RT_WL reduces the bioenergetic demand of 

PBMCs. This may be due to a lower ATP requirement, which suggests that PBMC 

respiratory capacity may be a good diagnostic for changes in metabolic demand.  

Menshikova et al., found weight loss induces ~20% increase in mitochondrial 

mass, which we do not observe; however, middle aged volunteers were used and this was 

in muscle. (29) Older adults are known to have significant heterogeneity in response to 

physical function interventions (10), and a true control group receiving no treatment was 

not included. Future studies will determine to what extent resistance training or weight 

loss reduces PBMC bioenergetic capacity independently. Our data suggest a greater role 

for RT, not weight loss, or at least that overlapping or redundant mechanisms may be at 

work. By using larger group sizes, others may find stronger correlations between 

bioenergetic changes and changes in specific distribution of adipose. This is the first 

study to demonstrate that either exercise or exercise with weight loss reduces PBMC 

cellular respiration, indicating that PBMC respiratory capacity could be a useful indicator 

of metabolic health. Implementing blood based bioenergetic measures in the clinic or 

clinical trials could track progression of interventions and disease progression.
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Table I: Baseline Characteristics of I'M FIT Participants in this Study 

 RT RT_WL 

 Mean SD Mean SD 

Females 40.0%  57.1%  
Age (years) 67.6 2.8 68.9 4.3 
BMI (kg/m2) 31.1 2.3 29.2 1.3 
Total Thigh Fat (cm3) 725.9 232.6 753.0 114.6 
Fat Mass (kg) 34.3 5.2 31.8 3.0 

I'M FIT = Improving Muscle for Functional Independence Trial, P = p-value, SD = standard deviation, RT = resistance training, 

RT_WL = resistance training with weight loss. 

RT: n=10, RT_WL: n=7 

 

Table II: Baseline PBMC respiration correlates with change in fat mass in I'M FIT Participants 

 Change in 

BMI (p-

value) 

Change in Waist 

Circumference 

(p-value) 

Change in 

Fat Mass (p-

value) 

Change in Thigh 

Fat Volume (p-

value) 

Change in SC 

Thigh Fat Volume 

(p-value) 

Change in IM 

Thigh Fat Volume 

(p-value) 
Basal OCR 0.55 (0.03) 0.33 (0.22) 0.64 (0.01) 0.54 (0.03) 0.52 (0.04) 0.67 (0.00) 
Oligomycin-induced OCR 0.28 (0.29) -0.03 (0.90) 0.49 (0.05) 0.38 (0.15) 0.37 (0.16) 0.25 (0.35) 
Maximal OCR 0.41 (0.11) 0.27 (0.32) 0.58 (0.02) 0.62 (0.01) 0.61 (0.01) 0.52 (0.04) 
Non-mitochondrial OCR 0.19 (0.49) -0.10 (0.70) 0.27 (0.31) 0.16 (0.56) 0.15 (0.58) 0.08 (0.77) 
Reserve Capacity OCR 0.35 (0.18) 0.24 (0.37) 0.53 (0.03) 0.61 (0.01) 0.60 (0.01) 0.45 (0.08) 
Leak OCR 0.28 (0.29) 0.07 (0.80) 0.43 (0.09) 0.41 (0.11) 0.40 (0.12) 0.33 (0.20) 
BMI = body mass index, IM = intermuscular, I'M FIT = Improving Muscle for Functional Independence Trial, OCR = oxygen consumption rate, P 

= p-value, PBMC = peripheral blood mononuclear cell, RT = resistance training, RT_WL = resistance training with weight loss, SC = 

subcutaneous. 
RT: n=10, RT_WL: n=7 
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Table III: Change in PBMC respiration correlates with change in fat mass in I'M FIT Participants 

 Change in 

BMI (p-

value) 

Change in Waist 

Circumference 

(p-value 

Change in Fat 

Mass (p-

value) 

Change in Thigh 

Fat Volume (p-

value) 

Change in SC 

Thigh Fat Volume 

(p-value) 

Change in IM 

Thigh Fat Volume 

(p-value) 
Basal OCR 0.31 (0.25) 0.42 (0.11) 0.40 (0.13) 0.47 (0.07) 0.47 (0.08) 0.18 (0.50) 
Oligomycin-induced OCR 0.35 (0.20) 0.57 (0.02) 0.39 (0.15) 0.56 (0.03) 0.56 (0.03) 0.06 (0.83) 
Maximal OCR 0.37 (0.18) 0.35 (0.20) 0.56 (0.03) 0.33 (0.23) 0.32 (0.24) 0.17 (0.53) 
Non-mitochondrial OCR 0.28 (0.31) 0.49 (0.06) 0.26 (0.34) 0.53 (0.04) 0.54 (0.04) 0.04 (0.89) 
Reserve Capacity OCR 0.38 (0.16) 0.38 (0.17) 0.55 (0.03) 0.33 (0.23) 0.32 (0.24) 0.15 (0.59) 
Leak OCR 0.23 (0.40) 0.19 (0.49) 0.33 (0.24) 0.14 (0.62) 0.14 (0.62) 0.13 (0.65) 

BMI = body mass index, IM = intermuscular, I'M FIT = Improving Muscle for Functional Independence Trial, OCR = oxygen 

consumption rate, P = p-value, PBMC = peripheral blood mononuclear cell, RT = resistance training, RT_WL = resistance training 

with weight loss, SC = subcutaneous. 

RT: n=10, RT_WL: n=7 
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Figure 1: Change in I'M FIT total fat mass and thigh fat volumes with resistance 

training and resistance training with weight loss 

F

igure 1: Mean fat mass (kg), lean mass (kg), total thigh fat volume (cm3), subcutaneous thigh fat volume 

(cm3), and intermuscular thigh fat volume (cm3) are shown by group assignment. Error bars are standard 

error of the mean. P-values showing significance differences from baseline values are shown at α=0.05. 

I'M FIT = Improving Muscle for Functional Independence Trial, NS = not significant, RT = resistance 

training, RT_WL = resistance training with weight loss. 

RT: n=10, RT_WL: n=7. 

 

 

Figure 2: Change in I'M FIT blood cell counts and interleukin 6 level with 

resistance training and resistance training with weight loss 

 
Figure 2: Mean blood cell count changes (per mL) and interleukin 6 (pg/mL) change are shown by group 

assignment. Error bars are standard error of the mean. 

I'M FIT = Improving Muscle for Functional Independence Trial, NS = not significant, RT = resistance 

training, RT_WL = resistance training with weight loss. 

RT: n=10, RT_WL: n=7 



147 

 

Figure 3: Baseline I'M FIT peripheral blood mononuclear cell respiration 

parameters by group 

 
Figure 3: Basal, oligomycin-induced, maximal, and non-mitochondrial PBMC respiratory parameters 

(pmol/min/500,000 cells) at baseline are shown by group assignment. Error bars are SEM. 

I'M FIT=Improving Muscle for Functional Independence Trial, PBMC=peripheral blood mononuclear cell, 

RT=resistance training, RT_WL=resistance training with weight loss, SEM=standard error of mean. 

RT: n=10, RT_WL: n=7 

 

Figure 4: Change in I'M FIT PBMC respiration and mtDNA by group 

Figur

e 4: Change in basal, oligomycin-induced, maximal, and non-mitochondrial PBMC respiratory parameters 

(pmol/min/500,000 cells) from baseline are shown by group assignment. Baseline and final mtDNA copy 

numbers are shown by group assignment. Error bars are standard error of the mean. 

I'M FIT = Improving Muscle for Functional Independence Trial, mtDNA = mitochondrial DNA, PBMC = 

peripheral blood mononuclear cell. RT = resistance training, RT_WL = resistance training with weight loss. 

RT: n=10, RT_WL: n=7
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Figure 5: Basal and maximal PBMC respiration correlates with fat mass loss in I'M 

FIT

 
Figure 5: Pearson correlation coefficients between basal and maximal PBMC respiratory parameters 

(pmol/min/500,000 cells) with the change in total fat mass (kg) from baseline are shown by group 

assignment. Significance is assessed by p-value at α=0.05. 

I'M FIT = Improving Muscle for Functional Independence Trial, PBMC = peripheral blood mononuclear 

cell. RT = resistance training, RT_WL = resistance training with weight loss. 

RT: n=10, RT_WL: n=7 
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INTRODUCTION 

In the previous chapters, relationships between blood cell bioenergetic measures 

with physical function, strength, and IL-6 were established, and the case was made that 

blood based bioenergetics may provide a clinically useful biomarker to track 

mitochondrial health with age. A considerable limitation to the use of blood based 

bioenergetics as a clinical biomarker thus far is the lack of data demonstrating that 

measures are reliable. Other widely used measures have clinically acceptable intraclass 

correlation coefficients (ICC) and low coefficients of variation (CV), including: the 6 

minute walk test (R=0.94-0.96, CV 10.4%) (1; 5) and 400 meter walk test (R=0.95, 

95%CI=0.92-0.97). (6) Engelberger et al., suggest that an ICC greater than 0.7 indicates 

good reliability and greater than or equal to 0.5 is considered to indicate moderate-to-

good reliability. They went on to test the ICC of several well accepted biological 

biomarkers including high sensitivity C-reactive protein (hsCRP; R=0.76, CV=39.0%), 

D-dimer (R=0.59, CV=25.2%), IL-6 (R=0.49, CV=35.1%), and oxidized low density 

lipoprotein (oxLDL; R=0.88, CV=11.1%). These were tested in a group of men and 

women with a mean age of 56.6 years. (3) Based on these reports, physical function 

measures have greater reproducibility compared with biological biomarkers; however, 

many of these tests use commercially available ELISAs, which may improve reliability. 

My hypothesis is that that blood based bioenergetic profiling has moderate 

reproducibility, which should be sufficient at this early stage in the development of this 

technology to implement it into clinical research trials. 
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METHODS 

Isolation of Blood Cells 

Blood (8 ml) was collected from fasted participants into ACD tubes (Vacutainer; 

Becton Dickinson, Franklin Lakes, NJ) and processed immediately to obtain platelet and 

PBMC preparations at 2 time points 6-7 days apart. Platelets and PBMCs were isolated 

using methods similar to those described by Chacko et al. (2) Briefly, whole blood in 

ACD tubes was centrifuged at 500xG for 15 minutes at room temperature with the brake 

off. Platelet rich plasma was removed and platelets were isolated by centrifugation at 

1500xG for 10 minutes, washed in PBS with PGE1 (Cayman Chemical, Ann Arbor, MI), 

and resuspended either in XF assay buffer (Seahorse Biosciences, North Billerica, MA) 

containing 1 mM Na+-pyruvate, 1 mM GlutaMAX (Gibco, Grand Island, NY), 11 mM d-

glucose, and PGE1 (pH 7.4) or freezing media consisting of a 1:10 ratio of dimethyl 

sulfoxide (DMSO) + fetal bovine serum (FBS; both from Sigma). The buffy coat layer 

was extracted, diluted 4x in RPMI 1640 (Gibco) and layered onto 3mL of polysucrose 

solution at a density of 1.077g/mL (Sigma Histopaque®-1077, St. Louis, MO) in 15mL 

centrifuge tubes and centrifuged at 700xG for 30 minutes with no brake. The buffy coat 

layer was obtained, washed in RPMI 1640 media three times and resuspended either in 

XF assay buffer without PGE1 or freezing media. Cells in freezing media were placed in 

a CoolCell® freezing container at -80C. Frozen cells were thawed in a water bath at 37○C 

and washed twice with RPMI 1640 media and finally resuspended in XF assay buffer for 

respirometry experiments. Frozen cells were counted using trypan blue stain and only 

viable cells were included in total cell counts.  
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Respirometry of Blood Cells 

Using a defined series of inhibitors and uncoupler, basal and maximal cellular 

respiration was quantified and used to calculate reserve respiratory capacity. (4; 7) A total 

of 250,000 PBMCs and 25,000,000 platelets per well were plated in quadruplicate in the 

Seahorse microplate. Basal OCR measures were monitored following sequential 

additions of oligomycin (750 nM), FCCP (1 μM), and A/R (both 1 μM) (all from Sigma). 

Respiratory rates were normalized to non-mitochondrial respiration rate. MAX was 

calculated after addition of FCCP, a potent mitochondrial uncoupler. The use of FCCP as 

a chemical uncoupler allows the estimation of maximal ETC activity. Reserve respiratory 

capacity was calculated as the difference between MAX and the basal OCR. Platelet 

respiration was normalized to mg protein, determined by Pierce BCA assay 

(ThermoFisher Scientific, Grand Island, NY). 

Statistical Analyses 

ICCs were assessed to determine internal validity, and within-subject coefficients 

of variation were calculated. The analyses were performed (SPSS v22; Armonk, NY). An 

α-level of 0.05 was used to assess statistical significance.  

RESULTS 

Participant Characteristics 

A total of 15 adults (14 women, 1 man) with a mean age of 62.6 years were used 

for this study (Table I). Participants had an average BMI of 25.2 kg/m2. The mean age 

was skewed by a single participant who was 84 years old, 14 years older than the second 



159 

 

oldest participant. Mean BMI was also skewed by one participant with a BMI of 39.3 

kg/m2, which was 5.3 kg/m2 higher than the participant with the second highest BMI.  

Repeatability of Blood Based Bioenergetic Profiling 

 A summary of ICCs for PBMC and platelet bioenergetic parameters is displayed 

in Table II. The ICCs are grouped by cell type and whether the cells were analyzed 

freshly or frozen. A summary of fresh and frozen data is also shown. ICCs for all 

parameters except Leak respiration were between 0.87-0.93 with 95% confidence 

intervals ranged from 0.65 to 0.98 when analyzed together. By analyzing only fresh 

PBMCs and platelets together, the correlations decreased slightly to 0.69-0.90 with 95% 

confidence intervals ranging from 0.05 to 0.98. Basal and maximal OCR consistently had 

the strongest ICCs and narrowest 95% confidence intervals. By analyzing fresh or frozen 

cell types individually, the ICCs became significantly weaker, with 95% confidence 

intervals that cross zero.  
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Table I: Baseline Demographics for Participants 

 All Participants Fresh PBMCs Fresh Platelets Frozen PBMCs Frozen Platelets 

N 15 5 3 4 3 

Sex (# Female) 14 4 3 4 3 

Age (years) 62.6 (57.0-84.0) 66.0 (57.0-84.0) 67.0 (57.0-84.0) 58.5 (57.0-60.0) 58.0 (57.0-60.0) 

BMI (kg/m2) 25.2 (21.0-39.3) 28.4 (21.0-39.3) 23.4 (21.0-26.0) 24.9 (21.0-32.4) 22.4 (21.0-23.1) 

BMI=body mass index, PBMC=peripheral blood mononuclear cell. 

Mean and range are shown. 

 

 

Table II: Intraclass Correlation Coefficients for Bioenergetic Measures of PBMCs and Platelets 

 

Basal OCR Oligomycin OCR Maximal OCR A/R OCR 

Reserve Capacity 

OCR Leak OCR 

All PBMCs and 

Platelets 
0.89 (0.71-0.96) 0.87 (0.66-0.95) 0.93 (0.80-0.98) 0.92 (0.79-0.97) 0.87 (0.65-0.95) 0.60 (0.14-0.84) 

Fresh PBMCs and 

Platelets 
0.90 (0.60-0.98) 0.69 (0.05-0.93) 0.90 (0.59-0.98) 0.81 (0.32-0.96) 0.79 (0.27-0.95) -0.16 (-0.74-0.57) 

Fresh PBMCs 0.91 (0.39-0.99) 0.78 (-0.07-0.97) 0.73 (-0.20-0.97) 0.93 (0.51-0.99) 0.37 (-0.63-0.91) 0.01 (-0.81-0.81) 

Fresh Platelets 0.98 (0.53-1.0) 0.82 (-0.58-0.99) 0.98 (0.44-1.0) 0.83 (-0.57-0.99) 0.89 (-0.37-1.0) -0.23 (-0.97-0.92) 

Frozen PBMCs and 

Platelets 
0.88 (0.45-0.98) 0.90 (0.53-0.98) 0.86 (0.40-0.97) 0.93 (0.67-0.99) 0.82 (0.27-0.97) 0.86 (0.38-0.97) 

Frozen PBMCs 0.75 (-0.37-0.98) 0.90 (0.13-0.99) 0.87 (-0.02-0.99) 0.88 (0.01-0.99) 0.85 (-0.11-0.99) 0.51 (-0.67-0.96) 

Frozen Platelets 0.97 (0.19-1.0) 0.93 (-0.17-1.0) 0.75 (-0.69-0.99) 0.97 (0.24-1.0) -0.49 (-0.98-0.86) 0.87 (-0.44-1.0) 

A/R=antimycin A/rotenone, ICC=intraclass correlation coefficient, OCR=oxygen consumption rate, PBMC=peripheral blood 

mononuclear cell. 

PBMC OCRs were measured as pmol/min/250,000 cells. Platelet OCRs were measured as pmol/min/mg protein. 

Correlation coefficients and 95% confidence intervals are shown. 

N=5 fresh PBMCs, N=3 fresh platelets, N=4 frozen PBMCs, N=3 frozen platelets. 
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DISCUSSION 

 This is the first report demonstrating the repeatability of bioenergetic profiling of 

blood cells from serial sampling. We present ICCs indicating that PBMC and platelet 

bioenergetic profiles of samples taken 1 week apart are reproducible for fresh or frozen 

cells. ICCs for measures of cellular respiration in PBMCs and platelets, such as basal 

OCR, maximal OCR and reserve capacity approach those of the 400 meter and 6 minute 

walk test presented by others. The 95% confidence intervals for the bioenergetics ICCs 

(0.80-0.98 for maximal OCR) are wider than those for the gait tests (0.92-0.97), and all 

15 samples, including both fresh and frozen analysis, must be grouped to achieve that 

level of confidence. (6) A substantially larger number of participants, 66 women, were 

included for the 6 minute walking test, likely contributing to the narrow confidence 

interval. As a biological biomarker, an ICC greater than 0.7 is considered to be good, 

which was achieved for every bioenergetic parameter except for leak respiration, which 

at the strongest reached 0.6. This is still considered to be moderate-to-good. When 

analyzed independently, the fresh blood samples or frozen samples achieved strong ICCs 

except for leak respiration. The reproducibility we measured in blood cells was greater 

than expected.  

A larger sample size may have improved the confidence intervals and larger 

quantities of blood would have allowed additional cell types such as CD14+ monocytes 

to be tested. Because monocytes are a more homogenous subpopulation of PBMCs, it is 

expected that ICCs would be improved; however, extra steps are necessary to isolate 

monocytes. This introduces the greater possibility of technical errors. Another limitation 

is that only 1 male subject was included. This was due to randomization of the parent 

study. The parent study used a population at risk for Alzheimer's disease which is more 
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prevalent among women. Standardized training practices may be required to reliably 

carry out the methods used here, especially if bioenergetic profiling were widely used. 

Future studies may determine whether or not this method is reliable using other cell types 

over longer periods of time, and with multiple operators. Taken together, these findings 

support the utility of blood cell bioenergetic profiling to be used in clinical trials and in 

the clinic.   
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DISCUSSION 

 Mitochondrial dysfunction plays a role in many age-related diseases including 

type 2 diabetes (6; 41), obesity (5; 17), Alzheimer's disease (40; 43), frailty (59), and 

sarcopenia (53). Understanting muscle mitochondrial health could provide useful 

information to practitioners about disease progression to aid in treatment. Measurement 

of mitochondrial function in muscle requires biopsies; however, in the course of medical 

treatment this may not be appropriate or feasible. Recent work showing that blood cell 

mitochondrial dysfunction is present in type 2 diabetes (1; 27), Huntington's disease (18), 

fibromyalgia (19), sepsis (28), depression (32), Parkinson's disease (38), and Alzheimer's 

disease (43; 44) suggests that blood cells may provide an alternative assessment of 

mitochondrial function in humans.  

Relating respiration of circulating cells to disease progression has recently been 

proposed. (11; 12; 36; 37; 44; 56) Because blood cell mitochondria are sensitive to and 

exposed to circulating factors like proinflammatory cytokines (20; 74), redox stressors 

(20), metabolic stressors (64), and other damage associated molecular patterns (DAMPs) 

(60; 74); bioenergetic profiling of blood cells may recapitulate what occurs systemically. 

For example, detrimental platelet activation and aggregation in response to circulating 

factors such as redox stress increases with age and exacerbates the proinflammatory state. 

(21; 48) When platelets become activated, their metabolic program shifts from primarily 

oxidative to glycolytic. (37) This change in metabolic phenotype can be evaluated using 

cellular respirometry by measuring the OCR in platelets. (12; 36) Similarly, Kramer et al. 

shows that blood cell bioenergetic status can predict post-operative recovery in cardiac 

surgery patients. (35) Older adults are a unique population with a high prevalence of 

complex, chronic diseases, for which bioenergetic profiling is well suited; however, the 
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clinical utility of blood cell respirometry in this group was previously unknown. My 

hypothesis is that because complex, chronic diseases associated with age often feature 

changes in systemic circulating factors, blood based bioenergetic profiling strategies will 

readily track with tissue-specific mitochondrial dysfunction, disease progression, and 

functional decline in older adults. 

Until now, bioenergetic relationships between circulating blood cells and skeletal 

and cardiac muscle were unknown. Because skeletal and cardiac muscle function decline 

with age and are necessary for cardiorespiratory fitness and nearly all ADLs in older 

adults, muscle function is extremely important in the elderly. (16; 23; 54) A systemic 

measure of mitochondrial health related to skeletal and cardiac muscle mitochondrial 

function would have many advantages because yearly muscle biopsies are not feasible. 

Because of this, we sought to determine if the respiratory capacity of blood cells could 

act as a surrogate marker for skeletal and cardiac muscle mitochondrial function.  

In a highly varied cohort of 18 female vervet macaques, we sampled blood and 

muscle to compare bioenergetic function (Chapter II). Maximal respiration, induced by 

FCCP, and reserve respiratory capacity in monocytes and platelets was found to correlate 

with maximal OXPHOS in PmFBs. Mitochondrial function measures using OCR, which 

is the gold standard (14; 15), are limited by the amount of tissue required. Cardiac tissues 

are particularly difficult to obtain from humans, and small animal models lack sufficient 

quantities of blood for isolating leukocytes and platelets. Larger mammals provide a 

sufficient quantity of tissue and also share similar age-related disease progression with 

humans. (25; 33; 61; 65; 70) For these reasons we elected to characterize relationships 

between non-human primate skeletal muscle, cardiac muscle, and blood. Whole blood 
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sample volumes still limited which techniques could be performed. Volumes of blood 

greater than 8mL would have allowed us to permeabilize platelets and monocytes to 

investigate ADP-stimulated OXPHOS capacity; however, sample volumes were limited 

to 8mL. Our results in platelets showing that FCCP-linked maximal respiration correlated 

with FCCP-linked maximal respiration and ADP-linked OXPHOS capacity in 

permeabilized skeletal muscle suggest that the 2 are biologically similar. (66)  

Unlike isolated mitochondria, mitochondria in whole or permeabilized cells, such 

as monocytes, platelets, and PmFBs, are similar because they maintain intrinsic 

mitochondrial structure. In these preparations, contributions of mitochondrial mass are 

captured. Monocyte and platelet correlations with isolated mitochondrial RCR in non-

human primate skeletal and cardiac muscle suggests blood cell maximal and reserve 

respiratory capacity relates to intrinsic mitochondrial function in muscle, irrespective of 

mitochondrial mass. (66) RCR is a ratio that integrates maximal and oligomycin-linked 

OCR, which is attributed to proton leak. Changes to either can significantly affect RCR. 

Higher RCRs indicate low proton leak and high maximal respiration, measuring ETC 

coupling. (7; 51) Our results suggest that blood cell maximal and reserve respiratory 

capacity relates to maximal OXPHOS capacity and intrinsic coupling of the ETC in 

muscle. Future studies of isolated blood cell mitochondria can compare to mitochondria 

isolated from muscle to determine whether intrinsic activities in both are related.  

Because this non-human primate cohort varies greatly for age and metabolic 

health, it is interesting that our findings are largely independent of age, weight, and 

insulin status. A number of reports show alterations in mitochondria with age (10; 31; 

62), obesity (5; 30; 57), and metabolic dysregulation (41; 57; 58); however the majority 
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of these were carried out using skeletal muscle, not blood cells. The few reports that 

measured blood cell bioenergetic function, age, obesity, and metabolic dysregulation 

suggest dysfunctional mitochondria in each. (1; 46; 72) Based on this, it was expected 

that each of these conditions, which are associated with systemic inflammatory and redox 

stress, would contribute to the relationships between muscle and blood cell respiration.  

Our results show that blood cell respiratory capacity is related to skeletal and 

cardiac muscle bioenergetic function, independent from age, weight, and insulin status. 

This informed the next hypothesis that blood cell respiratory capacity also relates to 

muscle strength, muscle quality, and physical function. In has been proposed that blood 

cell mitochondrial measures are unrelated to disability and not suitable as a biomarker of 

aging-related disease; however, the authors may not have found significant correlations 

because of a narrow range of ages of older adults included in the study. (73) At the age of 

88, significant mitochondrial dysfunction may already have been experienced, preventing 

the authors from capturing decrements in mitochondrial function with chronological 

aging. Furthermore, a true measure of mitochondrial function was not reported. Another 

previous report measured PBMC respiratory function and attempted to correlate it with 

self-reported physical function data and vitality but found no relationship. (45) 

Performance-based measures of physical function may have provided a more objective 

measure. Based on these reports, we sought to examine whether or not PBMC respiratory 

capacity, measured by the OCR, was related to performance-based measures of physical 

function in adults of a similar age range in order to determine if greater blood cell 

respiration related to greater physical function independent from age.  
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The hypothesis that PBMC respiratory capacity relates to physical ability and 

strength in older adults was correct. We found that greater PBMC maximal and reserve 

OCR correlated with gait speed and Ex-SPPB scores (Chapter III & IV). (67; 68) 

Similarly, PBMC maximal and reserve respiratory capacity positively associated with 

peak knee extensor and grip strength in older adults. (68) Because PBMC bioenergetic 

function associated with lower and upper extremity strength, this suggests that PBMC 

bioenergetic function may be systemic. In this study, we did not find significant 

associations between blood cell respiration and lean mass; however, muscle quality was 

associated. In older adults, muscle quality and strength can increase alongside reduced 

lean mass, suggesting that force per mass is more important than lean muscle quantity. 

(34; 71) Physical ability and strength are both necessary for ADLs and for adults to 

maintain independence in old age. Here, we applied the same logic as previous 

hypotheses suggesting that systemic circulating factors that negatively affect muscle 

mitochondrial function can also be detected in blood cells, thus blood based bioenergetics 

would report on physical function and strength.  

Aging is also associated with chronic low-grade inflammation, which can be 

determined by measuring circulating proinflammatory cytokines. Plasma IL-6 is a highly 

characterized cytokine associated with declining physical function in aging. (3; 4; 8; 9; 

24) Systemic proinflammatory cytokines also negatively affect mitochondrial function in 

muscle. (69) Because IL-6 partly mediates physical ability, we determined the 

relationship between blood cell respiration with circulating plasma IL-6 level. Lower 

maximal and reserve respiratory capacity correlated with greater plasma IL-6. (68) This 

further supports our overarching hypothesis that blood based bioenergetic measures can 
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track aging-related diseases and functional decline. Future work should determine 

relationships between blood cell respiration with other markers of circulating 

inflammation, such as TNFα and CRP.  

Having determined that circulating blood cells relate to physical function, muscle 

strength, systemic inflammation, and muscle mitochondrial function in older adults, we 

sought to uncover whether intervention affects blood cell bioenergetic capacity (Chapter 

V). Because overweight and obesity are common and predispose older adults to other 

diseases such as sarcopenia, cardiovascular disease, type 2 diabetes, and physical 

function decline, we examined the effects of a weight loss intervention. Weight loss for 

overweight and obese older adults can be achieved through caloric restriction and 

exercise. (29) Although overcoming weight regain is a substantial hurdle (2; 50), the 

effects of weight loss in overweight and obese older adults are positive overall. (39) 

Restricting fuel availability in human cell lines can enhance fatty acid oxidation and 

increase mitochondrial mass. (42) Another study demonstrated increased fat oxidation at 

rest after caloric restriction. (26) Based on these studies, our hypothesis was that weight 

loss achieved through caloric restriction and resistance training would increase 

mitochondrial mass and respiratory function.  

Contrary to our hypothesis, we found no change in mitochondrial content 

measured by mtDNA. Surprisingly, we found PBMC respiration from baseline in both 

the RT and RT_WL group was reduced. The RT_WL group achieved significant weight 

reduction averaging -4.7kg from baseline while the RT group did not. A future study with 

a non-exercising control group should confirm these findings; however, lower weight is 

associated with lower energy demand and resting metabolic rate. (55) This indicates that 
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after weight loss, there is a reduction in metabolic demand. This suggests that PBMC 

respiratory capacity may track with systemic metabolic demand. Others have shown 

increases in fatty acid oxidation in participants that reduced body mass by an average of 

8%. (26) Menshikova et al. also found a 60% increased ETC activity and 20% increased 

mitochondrial mass with 5.7% decreased body mass. (47) The body mass change of 

participants in our study was similar; however, mitochondrial mass was unchanged, 

which may be because the previous 2 studies analyzed muscle while we used blood cells. 

Similar to our study, the previous studies also utilized exercise, which may account for 

increased mitochondrial mass and fat oxidation. There may be differential responses to 

exercise between muscle and blood. Blood cell respiratory capacity may be reduced after 

exercise training due to lower systemic metabolic demand while muscle respiratory 

capacity may increase due to the acute energetic demand placed on exercising muscle. 

  In our studies of weight loss in older adults, we show that greater reductions in 

maximal PBMC respiration correlate with greater fat mass reduction and lower baseline 

basal and maximal respiration correlates with more fat mass loss. Furthermore, PBMC 

cellular respiration was reduced without concomitant mitochondrial content or blood cell 

count changes. Our study is different from previous reports in muscle tissue that show 

mitochondrial respiration increases in response to exercise training. The participants 

included in our study were overweight and obese but had no overt physical dysfunction 

or other disease burden. (49) Because of this, data relating blood based bioenergetic 

measures with physical function are highly translatable. In summary, we show that blood 

cell respirometry relates to physical function, strength, inflammation, and bioenergetic 

function of other tissues; and blood cell respirometry relates to and predicts fat loss in a 



172 

 

weight loss intervention in overweight/obese older adults. Our data suggest that blood 

cell respiration relates to metabolic demand and relates to biological health independent 

of age, supporting the clinical utility of blood cell bioenergetics in older adults.   

In order to accept blood cell respirometry as a biomarker, its reproducibility must 

be determined (Chapter VI). While many studies use blood based bioenergetics to 

compare with clinical characteristics, none reports reproducibility data. (12; 13; 35; 63; 

67; 68) We designed and carried out a study to address this by determining ICCs based 

on 2 identical blood based bioenergetic profiles taken 1 week apart. The hypothesis was 

that if no overt change in health occurs within the time period between visits, blood based 

respirometry will be similar and have high reproducibility. Reports indicate that ICCs of 

0.5 to 0.7 are moderate-to-good and greater than 0.7 is considered good. (22; 52) Studies 

of biological biomarkers of mitochondrial function, including superoxide production, 

mitochondrial mass, and mitochondrial membrane potential, measured 1 week apart 

support these ICC ranges. (73) Wiley et al. reported correlation coefficients of 0.64 to 

0.66, suggesting moderate-to-good reproducibility. Our study showed ICCs of 0.87 to 

0.93, suggesting good reproducibility of blood based bioenergetic profiling is achievable 

and can be implemented in large scale clinical trials.  

Previous studies were unable to uncover relationships between blood cell 

mitochondrial function with self-reported physical ability or disability (45; 73), and it 

was unknown if blood cell bioenergetic function related to bioenergetics of other tissues 

or if blood cell respirometry was reliable. By measuring bioenergetic function using 

respirometry, we show that cellular respiration in circulating monocytes and platelets 

relates to mitochondrial function in skeletal and cardiac muscle of non-human primates. 
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(66) We also show that PBMC respiration relates to physical function (67; 68), grip and 

knee extensor strength (68), and a marker of chronic inflammation in older adults (68). 

Furthermore, lower baseline and greater reductions in PBMC respiration correlate with 

greater fat mass loss via exercise and diet intervention in older adults, which suggests that 

PBMC respiratory capacity may be related to systemic metabolic demand. We also show 

that PBMC and platelet bioenergetic profiling has strong repeatability, suggesting that 

blood cell respirometry measurements are reproducible. In conclusion, respirometry of 

circulating blood cells in older adults is related to key aspects of biological health and 

metabolic demand independent of chronological age. Thus, the insights we have 

uncovered may provide a minimally invasive index of systemic mitochondrial health to 

aid geriatricians in assessing the status of biological health in older adults.  
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