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ABSTRACT 

Mitochondrial (mt) dysfunction is emerging as a key factor of T2DM.  We 

hypothesize that systemic mt function in PBMCs is altered in the presence of T2DM 

and obesity, and can be improved with life-style modifications, regardless of T2DM and 

obesity status.     

In a cross-sectional study (N = 84), PBMC mtDNA levels and OXPHOS Complex I 

protein levels are increased in the presence of obesity and decreased in the presence of 

T2DM.  Mt parameters correlated with clinical and metabolic measurements.  In a 

longitudinal study, systemic mt function is increased in PBMCs due to life-style 

modifications, regardless of T2DM status.  Findings in our investigations show that systemic 

mt function in PBMCs is altered in the presence of T2DM and/or obesity and can be 

improved with life-style modifications.  Our study suggests that altered mt function in 

PBMCs is associated with T2DM and obesity, and can be improved through life-style 

modifications.  
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CHAPTER 1.   Systemic Mitochondrial Parameters in Assessing Type 2 Diabetes and 

Obesity in a Filipino Population 

1.1 Introduction 

1.1.1  Type 2 Diabetes  

Diabetes mellitus related complications are the seventh leading cause of death in the 

United States (U.S.) [1].  Type 2 diabetes (T2DM) is a common metabolic complication that 

currently affects approximately 170 million people in the world and is rapidly increasing as a 

major risk in human health [2].  Based on the 2011 National Diabetes Fact Sheet, 18.8 

million individuals in the U.S. are diagnosed with T2DM, and 1.9 million, ages 20 years or 

older, were newly diagnosed in 2010 [1].  It is projected that in the year 2025, 300 million 

individuals will be diagnosed with T2DM.  A worldwide exponential increase of diabetes 

incidences has occurred within the past two decades in both developed and developing 

countries with T2DM accounting for 90% of diabetic cases.  It is estimated that 1 in 5 adults 

over the age of 65 have diabetes [3].  Theories behind increased incidences include, dramatic 

changes in human environment, behavior, and life-style, due to adaptations to Westernized 

life-styles and globalization. T2DM has impacted today’s society by increasing morbidity 

and mortality levels, decreasing quality of life, and increasing economic burden in 

hospitalization and medical expenses [2, 4]. 

In 2007, the total estimated cost for diabetes was $174 billion which included medical 

expenses, disability, work loss, and premature mortality costs [1].  This large economic 

burden is due to T2DM being associated with a variety of life-threatening complications.  

Major health consequences associated with T2DM include coronary artery and heart disease 
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(CAD, CHD), the most common cause of death in diabetic patients, in which individuals 

succumb to a heart attack and/or stroke [5, 6].  It has been investigated that subjects with 

T2DM without a prior episode of myocardial infarction have as high of a risk for CAD as 

subjects without T2DM with prior episodes, and increased risk of pre-hospitalization 

mortality due to CAD/CHD [5, 7].  Other consequences of T2DM include high blood 

pressure, neuropathy, kidney failure, non-traumatic limb amputations, and blindness [1]. 

T2DM, previously referred to as non-insulin-dependent diabetes, or adult-onset 

diabetes, is a compilation of metabolic complications that result in hyperglycemia due to 

impaired insulin secretion, insulin function, or a combination of both [8].  This form of 

diabetes often goes undiagnosed for long periods of time.  It is estimated that 5.7 million 

individuals in the U.S. are undiagnosed [9].  This may be due to hyperglycemia developing 

gradually with symptoms that are not noticeable at the early stages [8].  A combination of 

insulin resistance and an impaired compensatory insulin secretory response generally defies 

T2DM.  Dysfunction or failure of various organs, such as kidneys, heart, and skeletal muscle, 

are established causes of chronic hyperglycemia in T2DM, as well as pancreatic β-cell 

dysfunction which causes impaired insulin secretion, increased hepatic glucose production, 

altered regulation of incretin hormones that control the secretion of insulin, and imbalanced 

central nervous system pathways that control nutrient intake and energy use [9].  Although 

major health consequences of T2DM are well known, primary events that lead to its onset are 

still unclear.     

The development of T2DM is suggested to be a combination of genetic and 

environmental influences [10].  Theories of genetic factors affecting T2DM are reinforced by 

the high risk of T2DM in particular ethnic groups.  Based a 2007-2009 national survey, the 
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prevalence of diagnosed T2DM stratified by ethnic group included 12.6% of non-Hispanic 

blacks, 11.8% of Hispanics, 8.4% of Asian-Americans, and 7.1% of non-Hispanic whites [1]. 

However, genetics behind T2DM are complex and are not clearly defined.      

Environmental or non-genetic factors that catalyze the onset of T2DM include 

physical inactivity, increased caloric intake, advancing age, and obesity [9].  Hyperglycemia, 

hyperlipidemia, and insulin resistance are early characteristics of T2DM, and have also been 

shown to occur in obesity.  Similar dysfunctions in specific organs, such as skeletal muscle 

and liver, are observed in individuals with insulin resistance, obesity, and T2DM.  Although 

these epidemiologic risk factors are shown to be highly associated with T2DM, the link 

remains uncertain.  

 

1.1.2 Obesity 

The association of T2DM and obesity has been observed for decades.  Increasing 

rates of obesity are parallel to those of T2DM.  The current rising of global prevalence of 

obesity may be reversing recent increases in life expectancy [11, 12].  Approximately 32% of 

American adults, between the ages of 20-74 were obese in 1999-2004, which double from 

15% in 1976-1980.  Based on the 2009-2010 National Health and Nutrition Examination 

Survey (NHANES), 35.5% of adult males and 35% of adult females were considered obese 

[13].  Compared to previous years, this prevalence is increasing regardless of gender, 

ethnicity, and socioeconomic group, and is recognized as a major public health problem 

among adults in the United States [14].  Elevated mortality is a major risk with obesity due to 

its association with higher rates of hypertension, asthma, and T2DM, and is an independent 

risk factor for the development of CAD and CHD [15].   Previous studies suggest that obesity 
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induces a phenotype of premature cardiac aging in younger patients [16].   

Obesity is characterized by excess accumulation and storage of body fat.  In adults, 

obesity is defined by a body mass index (BMI) of greater than 30 kg/m2 [16].  Recent studies 

have shown that, along with BMI, which is an indicator of general adiposity, abdominal 

obesity can be used as a measure of chronic for diseases [17].  In large studies, waist 

circumference or waist-to-hip ratio are used as indicators of abdominal obesity, and are 

shown to be better predictors of the risk of disease than BMI.  Abdominal obesity is currently 

defined as persons with a BMI between 25.0 and 34.9 kg/m2, a waist circumference of 102 

cm in males and 88 in females, and a waist-to-hip ratio of 1.0 in males and 0.85 in females.   

The accumulation of excess fat, not only is recognized in obesity, but also in insulin 

resistance and T2DM.  Abdominal obesity, accompanied with insulin resistance, increases 

the risk of developing T2DM and other metabolic complications [18].  On the other hand, 

individuals with obesity and insulin resistance do not necessarily acquire T2DM.  Some 

obese patients may also have normal metabolic profiles.  However, in order to understand the 

complexity of diabetes and to prevent at-risk individuals from acquiring T2DM, it is 

necessary to focus on target mechanisms that link obesity to metabolic complications.     

   

1.1.3 Type 2 Diabetes and Obesity Among Filipino-Americans in Hawai‘i   

T2DM and obesity are major health disparities among minority ethnic groups in 

Hawai’i.  Higher rates of T2DM and obesity are observed in Hawai‘i compared to most of 

the U.S.  It is estimated that 72,000-100,000 individuals (~ 6-8%) are diabetic among 

Hawai‘i residents, with over 25,000 who are undiagnosed [3].  In the same regard, 53% of 

Hawai‘i’s adult population is overweight and obese.   
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The prevalence of these health issues is not proportionate among ethnic groups.  

Native Hawaiians and Filipinos have highest rates of T2DM in Hawaii (13% and 10%) [3].  

Respectively, the Filipino population in Hawai‘i has a T2DM prevalence of 7.8-13.0% 

among individuals who are ≥45 years of age.  Among Filipino women between the ages of 

50-65 years, the prevalence increases to 20-27% [19].   

Asian Americans are least likely to be overweight or obese based on standard body 

mass index (BMI) categories.  However, due to increased risk of chronic disease among 

Asians with lower BMI levels compared to individuals with European descent, the World 

Health Organization (WHO) suggested lower BMI stratifications.  In 2003, about half of 

Filipino adults in Hawai‘i were considered overweight or obese (46%), based on the WHO 

Asian obesity definition (BMI ≥ 25 kg/m2) [3]. 

Urbanization and westernization are proposed to play major roles in the diabetes and 

obesity epidemics [20].  Previous investigations have shown differences in the prevalence of 

diabetes within the same ethnic group under different environmental conditions.  Surveys 

done within the Filipino community are very few.  In 1982-1983, a national diabetes survey 

was done involving 12,297 Filipinos aged 20-65 years from 44 randomly selected urban and 

rural communities throughout the Philippines.  This survey revealed a higher prevalence of 

T2DM in the capital city of Manila (8.4%) and urban areas (6.8%) compared to rural 

communities (2.5%).  In the Philippine National Nutrition Survey in 1998 and the Native 

Hawaiian Health Research Project in 1997-2001, it was reported that the proportion of 

Filipino women with a BMI ≥ 30 kg/m2 were higher in Hawai‘i (20%) compared to women 

in the Philippines (5.2%). 
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1.1.4 Type 2 Diabetes, Obesity, and Insulin Resistance  

 Insulin resistance is broadly defined as a condition when normal concentrations of 

insulin are insufficient to produce a normal biological response [21].  It is found in patients 

with T2DM as early as one to two decades prior to onset of the disease [22], and is also a 

common characteristic in obesity.  Insulin resistance alone puts an individual at a high risk 

for T2DM, the risk is further increased in a situation where insulin resistance is combined 

with obesity [18].  Additionally, insulin resistance is found in the offspring of individuals 

with T2DM.   

Normally, glucose homeostasis is maintained by the release of insulin from pancreatic 

β-cells and the response of peripheral tissues to insulin [23].  The binding of insulin initiates 

a cascade response, involving autophosphorylation of the insulin receptor, the binding and 

phosphorylation of the insulin receptor substrate (IRS-1), and the activation of 

phosphatidylinositol 3-kinase (PI3K).  The activation of PI3K subsequently leads to the 

activation of protein kinase B (Akt), which activates glucose transport 4 (GLTU4) and the 

uptake of glucose.  The inhibition of the insulin signaling pathway through increased 

circulating free-fatty acids (FFA)s and abnormal secretion of adipokines is associated with 

both obesity and insulin resistance [21].  This results in adversely inhibited insulin action and 

hyperglycemia.  In obese individuals, excess triglycerides are diverted and stored in non-

adipose cells, such as hepatocytes and myocytes, instead of being stored in adipose tissue.  

Accumulation of fat in either the liver or skeletal muscle contributes to insulin resistance by 

somehow interfering with insulin signaling pathways.   

Insulin resistance in peripheral tissue is present in obesity and in the early stages of 

T2DM, however, techniques used to measure insulin resistance are limited [24].    The 
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current gold standard technique to estimate insulin resistance is by euglycemic 

hyperinsulinemic clamp (CLAMP-IR) [25, 26].  Homeostasis model assessment (HOMA-

IR), reciprocal of HOMA-IR (1/HOMA-IR), or quantitative insulin sensitivity check index 

(QUICKI), calculated from fasting glucose and fasting insulin, are currently used as 

alternatives.  HOMA-IR, 1/HOMA-IR, and QUICKI that use fasting glucose and fasting 

insulin measurements to estimate insulin resistance (HOMA-IR=(fasting glucose X fasting 

insulin)/405, QUICKI=1/(log (fasting glucose in mU/l) + log (fasting insulin in mU/l)) are 

used as surrogate indices.  Studies done by Yokoyama et al. and Katz et al. showed a strong 

correlation between HOMA-IR and QUICKI insulin resistance calculations with CLAMP-IR 

measurements taken from individuals with or without T2DM [6, 27].  Measuring insulin 

resistance has become useful in predicting the probable onset of T2DM, however, all 

individuals with insulin resistance do not inevitably develop T2DM.  Although compelling 

cases of insulin resistance being associated with intramyocellular lipid have emerged, the 

mechanistic associations are still unclear [24].  In the case of obesity, insulin resistance 

occurs due to adipose tissue dysfunction, rather than the amount present, which implicates 

the development of abnormalities at the molecular level.   

 

1.1.5 The Cellular Pathogenesis of Type 2 Diabetes and Obesity 

 The presence of hyperglycemia in T2DM and obesity is an indicator of defects in 

several organs [28].  Under normal conditions, insulin is secreted from pancreatic β-cells in 

response to nutrition ingestion.  Insulin acts on the liver to suppress hepatic glucogenesis and 

the peripheral skeletal muscle to stimulate glucose uptake that lowers blood glucose levels, 

and on adipose tissue to store FFAs as triglycerides [29].  Hyperglycemia is a result of 
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impaired insulin secretion, dysregulation of hepatic glucogenesis, impaired glucose-induced 

insulin secretion, over-secretion of glucagon, and inhibited response of skeletal muscle and 

adipose tissue to insulin.  Impaired insulin secretion is due to dysfunctional pancreatic β-cells 

that require depolarization, or rise in Ca2+, for proper insulin secretion [30].  Impairment of 

transient receptor potential proteins that control the opening of calcium channels results in 

decreased insulin secretion, and is characterized in some individuals with T2DM.     

Skeletal myocytes are considered to be insulin resistant when insulin stimulated 

glucose uptake and glycogen synthesis is impaired [4].  In vivo, skeletal muscle account for 

most insulin stimulated energy metabolism.  It is also the predominant site for peripheral 

insulin resistance for both T2DM and obesity.  Skeletal muscle biopsies from individuals 

with insulin resistance have shown inhibition insulin signaling through GLUT 4, IRS-1 and 

PI3K, and inactivation of glycogen synthase.   Impaired insulin signaling is associated with 

increased levels of lipid metabolites such as long-chain acyl coenzyme A, diacylglycerol, and 

ceramides, due to adipose tissue dysfunction [28].  This accumulation leads to increased 

activation of protein kinase C, which inhibits phosphorylation of proteins involved in insulin 

signaling and glycogen synthesis, thus leading to insulin resistance [4].    

 Mitochondrial (mt) dysfunction has recently emerged as a potential key factor in the 

pathogenesis of T2DM and/or obesity.  Since the mitochondria has a central role in fuel 

utilization and energy production, dysfunctional mitochondria may impact metabolic 

homeostasis at the cellular and whole-body levels.  Thus, the hypothesis that mt dysfunction 

may have a pathogenic role determining risks for T2DM was proposed [9].     
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1.1.6 Mitochondria  

 Mitochondria are known essentially for their role in cellular energy production in the 

form of adenosine triphosphates (ATP) via oxidative phosphorylation (OXPHOS).  The 

mitochondria are composed of an outer and an inner membrane that is separated by an inter-

membrane space.  The mt matrix is enclosed within the inner membrane.  The inner 

membrane contains the electron transport chain (ETC), a series of complex proteins where 

ATP synthesis occurs by means of OXPHOS.  Also contained within the matrix are 

components of the TCA cycle and fatty acid β-oxidation pathway that provide nicotinamide 

adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) to the ETC.

 OXPHOS generates the bulk of ATP that is needed for proper cellular function.  

Electrons, in the form donors generated from the tricarboxylic acid cycle, NADH (Complex 

I) and FADH2 (Complex II), are transported along the ETC to a final accepter, molecular 

oxygen, at Complex IV, which forms H2O [31].  Free energy is released with the transport of 

electrons and Complexes I, III, and IV undergo conformational changes that allow the 

translocation of protons in the form of hydrogen from the matrix to the inter-membrane 

space, forming a proton gradient.  Energy that is not used in this process is transformed into 

heat.  The proton gradient formed in the inter-membrane space forms a proton flux at the mt 

ATPase (Complex V), which works as a rotary turbine-like machine that allows the 

phosphorylation of adenosine diphosphate (ADP) into ATP within the mt matrix.  ATP is 

then transported from the matrix to be used as an energy source.   

Mitochondria contain their own genome.  Mitochondrial deoxyribonucleic acids 

(mtDNA) is approximately 16.5 kilobases and is a covalently closed circular molecule that 

contains no introns [32].  Each mitochondrion contains 2-10 copies of mtDNA that are super-
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coiled and bound to the inner membrane.  Promoter sequences and transcription factor 

binding sites are located within the D-loop non-coding, regulatory region [33].  Thirty-seven 

genes are encoded in mtDNA.  Thirteen are subunits of the ETC (Complexes I, III, IV, and 

IV).  Transcription and translation processes of these genes occur within the matrix using 

mtDNA-encoded ribosomal ribonucleic acids (rRNA), transfer RNA (tRNA), and other 

components encoded by the nuclear genome.   All the other proteins required for proper mt 

function and structure are encoded in the nucleus [33].  

The ETC of mitochondria is the source of 90% of reactive oxygen species (ROS) in 

form of oxygen radicals.  ROS produced within mitochondria are important in redox 

signaling between the organelle and the cytoplasm [34].  However, mt ROS also contributes 

to increases in oxidative stress and damage that is implicated in multiple pathologies, which 

include obesity and T2DM.  Roughly, about 90% of oxygen used by aerobic cells is 

consumed in mitochondria and 1-2% of is transformed into ROS [35, 36].  ROS in the form 

of oxygen radicals (O2
−) are formed kinetically and are thermodynamically favored [34].  

Ground state O2 contains two unpaired electrons that allow it to accept one additional 

electron at the site of Complex I or III of the ETC.  At these sites, electrons “leak” out of the 

normal transport route.  ROS formed from Complex I are released into the mt matrix, and 

ROS from Complex III are released into both the matrix and inter-membrane space.  

Additional sources of ROS within the matrix include α-ketoglutarate dehydrogenase from the 

Krebs cycle and free fatty-acids (FFA) that are transported to be β-oxidized [37].   

Cells are able to combat increased levels of oxygen radical production through 

cellular antioxidant systems.  Within a mitochondrion, mt specific manganese superoxide 

dismutase (MnSOD) rapidly dismutates O2
− into H2O2 within the matrix.  If O2

− formation 
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occurs within the inter-membrane space or the cytosol, dismutation is catalyzed by zinc-

copper SOD.  H2O2 is decomposed by a catalase into H2O and O2, or reduced to H2O with 

glutathione (GSH) [34, 35].   

Increased levels of FFA can increase mt ROS production [35].  FFA inactivate the 

regeneration of GSH from previously oxidized glutathione (GSSG) and inhibit electron 

transport by interacting with components of the ETC.  FFA can also be incorporated into the 

inner membrane of the mitochondria.  This incorporation increases membrane fluidity, which 

promotes electron leakage and the production of ROS. 

An oxidative stress environment is induced when antioxidant scavenging ability is 

surpassed by ROS production [38].  In an oxidative stress environment, all cellular 

components (proteins, lipids, RNA, and DNA) are subject to ROS-mediated damage.  In 

DNA, ROS-mediated damages may cause lesions that are mutagenic and/or cytotoxic to the 

cell during and after replication or gene transcription that could eventually lead to cell death, 

cancer, or age-related diseases [39].  Based on previous studies, mtDNA have more damaged 

sites compared to nuclear DNA.  This is due to their close proximity to the ROS-generating 

ETC [40].  ROS-mediated damage on DNA is mostly mediated by Fenton chemistry, causing 

the formation of nucleotide base modifications, apurinic/apyrimidinic sites, single- and 

double-strand breaks, and cross-links.   

Deoxyguanosine was the first oxidatively modified nucleotide to be identified, and is 

the most studied lesion to-date and a common biomarker of oxidative stress [38, 41].  8-oxo-

dG lesions do not cause a significant block to DNA replication, instead are more susceptible 

to oxidation and can be further transformed into various mutagenic base lesions.  The 

incorporation of 8-oxo-dG causes a G to T transversion and pairs with adenine in addition to 
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cytosine during transcription or replication [42, 43].  In addition to anti-oxidants, cells use 

DNA repair pathways to correct lesions containing abnormal or damaged bases.  Due to the 

mitochondria’s overwhelming rate of oxidative attacks, multiple DNA repair systems are 

used to maintain the integrity of mtDNA.  MtDNA repair pathways include base excision 

repair, single-strand break repair, mismatch repair, and homologous recombination [44].      

Considering the knowledge of the mitochondrion’s central role in energy production and 

involvement in ROS production suggests that mt dysfunction can be an important factor in 

the pathophysiology of disease.   

 

1.1.7 Mitochondrial Dysfunction in Type 2 Diabetes and Obesity 

Decreases in mt function have been implicated in the etiology of obesity and T2DM.   

This is signified by reduced mt oxidative activity and ATP synthesis, increased production 

ROS, and impaired antioxidant pathways [45, 46].  This impairment is also seen in 

individuals with a family history of T2DM long before they acquire metabolic complications 

[22].  Mt ROS production is widely accepted as the primary link between mt dysfunction and 

T2DM [32].  In a hyperglycemic state, increased production of electron transfer donors 

(NADH and FADH2) causes an increase in electron flux through the ETC.  Initially, there 

would be high levels of ATP synthesis due to the increase in the proton gradient and proton-

motive force.  Once the proton gradient reaches a threshold, inhibition of the ETC chain 

begins.  OXPHOS Complex III is inhibited first, which leads to an accumulation of electrons 

to coenzyme Q.  Due to the inhibition of Complex III, O2  molecules become reduced to 

generate free radicals.  Overproduction of ROS eventually overloads the mitochondria’s 

antioxidant capacity and leads to oxidative stress.  Unresolved oxygen radicals cause further 
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damage within the mitochondrion and cytoplasm.  This increase in ROS production 

suggested to be the initial cause of mt dysfunction that plays a role in the pathophysiology of 

T2DM and obesity.      

Skeletal muscle, liver, and adipose tissue dysfunction play important roles in the 

pathogenesis of obesity-related insulin resistance and T2DM.  Previous studies to further 

understand the etiology of these two complex diseases have shown differences in mt function 

and oxidative stress levels in these tissues collected from humans with or without obesity 

and/or T2DM [47-50].  Because these types of tissue are insulin-responsive and highly 

depend on mt oxidative ATP synthesis for proper cellular function, they are ideal to study 

how mitochondria are involved in the fundamental pathogenesis of obesity and T2DM.  

However, biopsies to acquire samples are considered to be invasive and require long periods 

of recovery. 

  

1.1.8 Mitochondrial Function of Peripheral Blood Mononuclear Cells Associated with 

Type 2 Diabetes 

It has been proposed by multiple studies that peripheral blood mononuclear cells 

(PBMCs) can be used as surrogates to studying alteration in metabolism, as an alternative to 

skeletal muscle, liver tissue, adipose tissue, and pancreatic β-cells.  In 2008, our lab, in 

collaboration with the Hawai‘i Center for AIDS, investigated the correlation of systemic mt 

function in adipose tissue and PBMCs collected from the same individual [51].  It was 

observed that mt OXPHOS proteins Complex I and IV protein levels in PBMCs positively 

correlated with protein levels in adipose tissue.  This study showed that PBMCs could serve 

as surrogates to studying adipose tissue.  PBMCs are easily obtained through intravenous 
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blood draws and require less recovery periods than organ biopsies.  Although there may be 

disadvantages such as having fewer mitochondria due to their rapid turnover, the study of 

cellular function in PBMCs may give an insight to events taking place in target tissues [52]. 

Circulating PBMCs are affected by high levels of glucose, insulin, and free fatty acids 

that share common routes to their target tissues within the circulatory system, and undergo 

oxidative stress that may reflect similar levels to their target tissues [53].  Previous studies 

that compared 55 non-insulin dependent T2DM individuals and 29 age- and sex-matched 

non-T2DM controls observed that mtDNA levels was decreased by 35% in individuals with 

non-insulin depended T2DM [54].  Another study compared the expression of 92 genes 

involved in OXPHOS in 18 individuals with T2DM and 10 non-T2DM controls found that 

the presence of T2DM down-regulated OXPHOS gene expression [53, 55].  Furthermore, 

PBMCs have shown to be damaged by oxidative stress [52].  MtDNA oxidation and MnSOD 

activity (an index of mt antioxidant defense) are at higher levels in PBMCs T2DM 

individuals compared to their age-matched controls. 

In this present study, we used PBMCs to do a comprehensive study on systemic mt 

function in the presence or absence of T2DM and/or obesity.  We hypothesize that a 

diabetic and a prediabetic etiology can be studied in PBMCs.  To test our hypothesis, 

cross-sectional analysis was done on clinical, metabolic and mt measurements acquired from 

a multi-site cohort composed of Filipino individuals of varying clinical, metabolic indices, 

and medical histories.  Systemic mt function was assessed by measuring mtDNA levels with 

real-time PCR, oxidative stress (8-oxo-dG levels) with a gene specific repair enzyme assay, 

and OXPHOS protein quantity and activity with an immuno-capture assay.  
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1.2 Methods 

1.2.1 Study Design and Population 

This is a multi-site, cross-sectional, observational study.  Participants for this study were 

recruited between June 2008 and October 2009 from the “Healthy Heart, Healthy Family” 

Program, a weight-loss intervention program headed by Anne Leake, Ph.D. of Queen’s 

Medical Center [56].  All individuals participating in this study signed a written consent 

approved by the Institutional Review Board of the University of Hawai’i.  Inclusion criteria 

were age ≥ 18 years, Filipino ethnic background with a willingness and ability to follow and 

commit to a weight loss intervention program once a week for 8 weeks.  Contact information, 

personal and family medical history, exercise levels and current medications were obtained 

from a self-reported survey. 

 

1.2.2 Study Evaluations  

Recruitment of Participants - Study evaluations, clinical measurements and blood sampling, 

were done on participants prior to beginning the intervention. Clinical measurements, such as 

height, weight, waist circumference and blood pressure were obtained at the recruitment 

sites.  Weight was measured using the Health-o-Meter 349KL digital 2-Piece Platform Scale 

(Central Carolina Scale, Sanford, NC).  Participants were asked to stand next to a vertical 

tape measure fastened to a wall to measure their height.  Height and weight measurements 

were used to calculate body mass indices (BMI) (BMI = mass (kg) / (height (m))2).  Blood 

pressure measurements were done using the Omron HEM-780 Automatic Blood Pressure 

Monitor with ComFit Cuff (Omron, Bannockburn, IL).   
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Collection of Blood Specimens - Blood sampling was administered after an 8-12-hour 

fasting period to measure cholesterol, glucose, and insulin levels.  Measurements were 

compared to clinically accepted values, ≤ 200 mg/dL for total cholesterol, 70-99 mg/dL for 

glucose, and < 23 uIU/mL for insulin. Homeostatic assessment methods were used to 

calculate insulin resistance (HOMA-IR) (HOMA-IR = (fasting glucose X fasting 

insulin)/405).  Forty-five milliliters (ml)s of blood was drawn by a trained phlebotomist at a 

Diagnostic Laboratory Services, Inc. (Honolulu, HI).    Fifteen ml of blood was drawn in two 

SSTs (Diagnostic Laboratory Services, Inc.) to measure fasting metabolic indices.  Thirty ml 

of blood was collected in three ethylenediaminetetraacetic acid (EDTA) containers (VWR 

International, LLC, Randor, PA) to isolate PBMC.  Collections of blood samples were in 

compliance with the written informed consent of participants. 

 

Isolation of PBMCs – Isolation of PBMCs from whole blood was done using a rapid 

centrifugation technique [57].  Blood collected in EDTA tubes were centrifuged for 10 

minutes at 400 rcf at 4°C to separate the plasma from the blood cells.  After centrifugation, 

the plasma layer, which appeared as a cloudy top layer, was removed and discarded.  An 

equal volume of 1X phosphate buffer saline (PBS) was added to the remaining blood cells 

and mixed by pipetting slowly 4 times.  The mixture was slowly overlaid on 12 ml of Ficoll-

Paque™ PLUS, a density gradient solution that contains a polymer of sucrose and 

epichlorohydrin, sodium diatrizoate calcium disodium EDTA (GE Healthcare, Waukesha, 

WI), in a 50 ml conical tube, which will allow separation of PBMCs from red blood cells.  

This step was done carefully to avoid penetration of the surface of the Ficoll layer.  The 

blood mixture was moved through the Ficoll by centrifugation at 450 rcf for 40 minutes at 
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4°C.  At the end of the centrifugation, the conical revealed a multi-layer suspension that 

indicated the separation of PBMCs from red blood cells.  The top layer consisted of PBS and 

plasma platelets.  The second layer from the top were the PBMCs contained in a thin and 

cloudy layer, which was separated by a third layer made of Ficoll from the red blood cells 

which composed the fourth or bottom layer.  The PBMC layer was transferred to another 50 

ml conical using a transfer pipette.  The volume in the conical containing the isolated PBMCs 

was brought up to 50 ml with 1XPBS to wash off residual Ficoll and/or plasma, then 

centrifuged at 400 rcf for 10 minutes at 4°C to collect the PBMC cell pellets at the bottom of 

the conical.  The PBS supernatant was discarded and the wash was repeated.  After the final 

wash, the PBMC cell pellet was re-suspended in 4 ml of 1XPBS and equally distributed into 

four 2 ml O-RINGED screw-capped micro tubes.  Each aliquot was centrifuged at 400 rcf for 

20 minutes at 4°C.  The supernatant was discarded, and the cell pellets were flash frozen on 

dry ice and stored at -70°C. 

 

Assessment of OXPHOS Protein and Activity – Total OXPHOS proteins, NADH 

dehydrogenase (Complex I) and Cytochrome c oxidase (Complex IV), were quantified using 

simple and rapid method that incorporated thin layer chromatography, immuno-capture, and 

colorimetric detection in one assay [51].  This technique measured proteins captured between 

two monoclonal antibodies (mAb)s that were specific to different epitopes on the same 

enzyme.  One mAb is immobilized on a region on the nitrocellulose membrane and the other 

containing a colorimetric indicator, of which its intensity on the membrane correlates with 

the amount of protein present.   Protein was extracted from PBMC by adding 500 µl of 

Buffer A Extraction buffer (MitoSciences, LLC, Eugene, OR) with 1X protease inhibitor (PI) 
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(Thermo Fischer Scientific, Waltham, MA) to the microtubes on ice, with a series of 

vortexing every 5 minutes for 20 minutes.  The microtubes were centrifuged at 18,000 rcf for 

20 minutes at 4°C to remove cell debris.  PBMC protein extracts were transferred to new 0.5 

ml-microtubes with silicone O-rings and a screw cap in 250 µl aliquots, flash frozen, and 

stored at -70°C.  Frozen protein extracts were thawed and total protein concentration was 

measured using the Pierce Bicinchoninic Acid (BCA) Protein Assay (Thermo Fischer 

Scientific, Waltham, MA).  A serial dilution of bovine serum albumin (BSA) was used as a 

standard curve for quantification.  Complex I or IV total protein was measured using the 

MitoSciences Complex I/IV Human Protein Quantity Dipstick Assay Kit Protocol 

(MitoSciences, LLC, Eugene, OR).  Standard curves using control protein extracted from 

HeLa cells were done to minimize variability between assays and to determine loading 

standards.  HeLa protein was extracted and quantified as previously mentioned, and used to 

do a 2-fold serial dilution from 20 to 0 µg.  Values of the standard curve were analyzed using 

PRISM 5 Version 5.0d (GraphPad Software, Inc., San Diego, CA).  The most linear section 

of the hyperbola line was divided into thirds, the point that was 2/3 from the bottom of the 

section, estimated to be between 8-10 µg, was used as the loading standard.  Ten µg of 

sample and control protein were loaded in duplicates into the microplate well containing 

gold-conjugated antibody.  The dipstick was added to the well and the suspension was 

wicked up past the capture antibodies and positive control line by an absorbent pad at the 

other end of the dipstick. The intensity of the signal that appears at the line of capture 

antibody is directly related to the levels of intact Complex I/IV proteins in the sample. Signal 

intensities were measured using an immunochromato reader, ICA-1000 (Hamamatsu, Japan).  

Absorbance (ABS) values were normalized by dividing sample ABS by 10 µg, then dividing 
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by control ABS, and multiplying by 1000 (OD/µg x 103).  Protein activity levels were 

assessed using the Complex I/IV Enzyme Activity Dipstick Assay Kit Protocol 

(MitoSciences, LLC, Eugene, OR).  This method combines immuno-capture, oxidation 

and/or reduction of substrate which dictates colorimetric measurements.  Similar to the 

quantity procedure, proteins were extracted, quantified, and standard curves were done to 

reduce variability between assays and to determine loading standards.  Ten µg of sample and 

control protein were loaded in duplicates into empty microplate wells containing no gold-

conjugated mAb.  Complex I or IV proteins were immuno-captured onto the nitrocellulose 

membrane.  The membrane portion was immersed into 300 µl of activity buffer containing 

the substrate that the specific complex will oxidize and/or reduce.  For Complex I, immuno-

captured enzymes are immersed into a solution containing NADH and nitrotetrazolium blue 

(NBT).  Complex I enzymes oxidize NADH.  Oxidized NAD+ reduces NBT to form a purple 

precipitate at the immuno-capture line.  For Complex IV, captured Complex IV enzymes are 

immersed into 300 µl of activity buffer containing reduced cytochrome c and di-amino 

benzidinetetrachloride (DAB).  Immuno-captured Complex IV enzymes oxidize reduced 

cytochrome c; oxidized cyotchrome c oxidizes DAB, which will form a red precipitate at the 

immuno-capture line. Signal intensities were measured using an immunochromato reader, 

ICA-1000 (Hamamatsu, Japan).  Absorbance (ABS) values were normalized by dividing 

sample ABS by 10 µg, then dividing by control ABS, and multiplying by 1000 (optical 

density (OD)/µg x 103). 

 

Measurement of Mitochondrial 8-oxo-7-hydrodeoxyguanosine (8-oxo-dG) Levels – 

MtDNA oxidative damage levels were assessed using a Gene-Specific Repair Assay [58].  
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DNA was extracted from PBMC with Qiagen DNeasy Blood and Tissue Kit (Qiagen, Inc., 

USA) and quantified in ng/µl using a UV-Vis ND-1000 Spectrophotometer (NanoDrop 

Technologies, Wilmington DE).  Eight µg of total DNA was taken from total DNA and 

brought to volume of 44 µl by ethanol precipitation.  Total DNA was digested with 10 units 

(1 µl) of PvuII (New England BioLabs, Inc., Ipswich, MA, USA) overnight at 37°C with 5 µl 

of 10X NE™ Buffer 2 (50 mM NaCl, 10 mM Tris-Hcl, 10 mM MgCl2, 1 mM DTT) to 

linearize mtDNA and shear genomic DNA.  After the overnight incubation, ethanol 

precipitation was done to stop and remove PvuII enzyme activity and DNA was eluted to a 

volume of 26 µl in 1X TE Buffer (molecular grade, 10 mM Tris-HCl, 1 mM EDTANa2).  

DNA was halved, 4 µg (~ 13 µl) of DNA was digested with human 8-oxoguanine DNA 

glycosylase (hOGG1, α isoform), an enzyme used for its glycosylase activity to release 

damaged purines (8-oxo-dG) from double stranded DNA and generates an apurinic site, and 

the other half untreated and stored at 4°C.  The treatment half was incubated with 10 units (1 

µl) of hOGG1, 1.5 µl 10X NE™ Buffer 2, 1.5 µl supplemented 10X BSA for 1 h at 37°C, 

then for 1 h at 65°C to deactivate the enzyme.  Removal of the hOGG1 enzyme was done by 

ethanol precipitation, and treated DNA was reconstituted in 13 µl of 1X TE.  Equal 

concentrations of treated and untreated DNA, calculated using a UV-Vis ND-1000 

Spectrophotometer, were loaded with 4 µl of 6X Alkaline Loading Dye (10 mM HEPES-

KOH, 10 mM EDTA, 6 M urea, 50% glycerol, and 0.2% bromophenol blue, Boston 

Bioproducts, MA, USA) into a 0.75% alkaline agarose gel.  Both hOGG1-treated and non-

treated products were resolved for 3 hours 50 volts.  At the completion of gel electrophoresis, 

depurination was done by washing the gel in 0.25 M HCl for 15 minutes, followed by 

denaturation of double stranded DNA by Denaturing Solution (NaOH, NaCl) for 45 minutes, 
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and neutralization with 10X Tris Buffered Saline for 45 minutes.  The DNA was transferred 

to a (+) nylon membrane using Southern blot methodology with a Possiblot Pressure Blotter 

(Stratagene, La Jolla, CA) following the manufacturer’s suggested procedures, at 75-80 

mmHg for 1 hour and 30 minutes.  When transfer was completed, the DNA was crosslinked 

to the membrane using a UV Stratalinker 1800 (Stratagene, La Jolla, CA).  The membrane 

was placed in 30 ml of digoxigenin (DIG) pre-hybridization buffer (Roche, Indianapolis, IN) 

at 45°C for 20 minutes while rocking.  Human mt probes for cytochrome b were synthesized 

using mtDNA isolated from human PBMCs, and a linear PCR reaction containing 

digoxigenin-dUTP (Roche Applied Sciences, Indianapolis, IN) with primer sequences:  

DigDIR, GCT ACC TTC ACG CCA A (14976-15001); and DigREV, CCG TTT CGT GCA 

AGA AT (15357-15341).  Synthesized probes were stored at -20°C in 16 µl aliquots.  The 

probes were placed in boiling water for 5 minutes and incubated on ice for 1 minute prior to 

being placed in buffer.  Fifteen µl of probe was added to the hybridization buffer contained 

with the membrane.  Overnight hybridization was done at 45°C with rocking.  After the 

overnight incubation, excess probe was removed from the membrane by a high salt, low 

stringency wash (2X Sodium Citrate (SSC), 0.1% SDS).  A low salt, high stringency wash 

(0.5X SSC, 0.1% SDS) was done at 65°C to assure specific binding of the probe to the blots.  

The blots were prepared for chemiluminescent detection using DIG Wash and Block Buffer 

Set (Roche Applied Sciences, Indianapolis, IN).  The blots were placed in 1X blocking buffer 

for 30 minutes.  The secondary probe or anti-digoxigenin antibody, which is conjugated with 

alkaline phosphatase, was added to the 1X blocking buffer with 30 minutes allotted for 

hybridization.  The membrane was then submerged in 1X detection buffer for 3 minutes. 

CSPD, a chemiluminescent substrate for alkaline phosphatase, was incubated with the 
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membrane for 20 minutes at 37°C in the dark.  Desphosphorylation of CSPD by the alkaline 

phosphatase conjugated to the anti-digoxigenin antibody leads to light emission which can be 

detected by an imaging device.  Blots were visualized using G:Box Imager and GeneSnap 

version 7.09 (SynGene, Inc., Frederick, MD).  Band intensities of mtDNA were measured 

using GeneTools version 4.00 (SynGene, Inc., Frederick, MD).  Mt 8-oxo-dG levels were 

quantified by calculating the break frequency of the hOGG1-treated mtDNA compared to 

untreated mtDNA using the Poisson distribution, break frequency = ln (untreated 

mtDNA/treated mtDNA). 

 

Measurement of Mitochondrial DNA Copies/Cell – Absolute quantitative real-time PCR 

was done to analyze mtDNA copies/cell [59].  DNA was extracted from PBMC cell pellets 

with Qiagen DNeasy Blood and Tissue Kit (Qiagen, Inc., Valencia, CA) and stored at 4°C.  

Total DNA was quantified in ng/µl using a UV-Vis ND-1000 Spectrophotometer (NanoDrop 

Technologies, Wilmington, DE).  Real-time PCR was done using LightCycler FastStart DNA 

Master Plus SYBR Green I (Roche Applied Sciences, Indianapolis, IN) with a LightCycler 

Carousel-Based System.  Mt primers (Idaho Technologies BioChem, ID), mtDIR (CAC 

AGA AGC TGC CAT CAA GTA) and mtREV (CCG GAG AGT ATA TTG TTG AAG 

AG), were designed for a specific region of mtDNA encoding for Nicotinamide adenine 

dinucleotide (NADH) Dehydrogenase subunit II.  Genomic primers (Idaho Technologies 

BioChem, ID), GenDIR (GGC TCT GTG AGG GAT ATA AAG ACA) and GenREV (CAA 

ACC ACC CGA GCA ACT AAT CT), were specific for a region of genomic DNA encoding 

for Fas Ligand.  A control plasmid containing both mtDNA NADH Dehydrogenase subunit 

II and Fas Ligand was used in a dilution series ranging from 106 to 101 copies/cell for 
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standardization of each run and to use as an external standard for the quantification of PCR 

values.  Each sample and standard were run in duplicate in a 20 µl volume containing:  

SYBR Green Master Plus Mix (FastStart Taq DNA polymerase, reaction buffer, dNTP mix, 

SYBR Green I dye, MgCl2), 10 pM mt or genomic forward and reverse primers, and 30 ng of 

sample DNA.  PCR cycling conditions were:  95°C for 10 minutes, 30-36 cycles of 95°C for 

3 seconds (denaturation), 58°C for 5 seconds (annealing), and 72°C for 5 seconds 

(extension).  Fluorescence was measured at the end of extension.  Melt curve analysis began 

immediately at the conclusion of the PCR cycles; beginning at 65°C, with the temperature 

increasing 0.1°C/s until 95°C.  Results were analyzed with Roche Version 4.0 LightCycler 

software.  Absolute mtDNA copies/cell were calculated by dividing mean mtDNA 

concentrations by mean genomic DNA concentrations and multiplying by 2.   

 

Statistical methods - Statistical analyses describing demographics, clinical measurements, 

and metabolic and mt parameters were done using SigmaStat Version 12.0 (SPSS, Inc., 

Chicago, IL).  Descriptive analyses were reported as medians and inter-quartile ranges. 

Mann-Whitney (MW) Rank Sum tests were performed to analyze differences in metabolic 

and mt parameters between individuals with or without T2DM (non-T2DM), and between 

males and females.  Relationships between clinical measurements, metabolic and mt 

parameters were correlated using Spearman Rank Order Correlation.  Analysis comparing 

measurements from 3 or more sub-populations was done using Kruskal-Wallis One Way 

Analysis of Variance (ANOVA) on Ranks, and Pairwise Multiple Comparison Procedures 

with Dunn’s Method.    Comparisons with p-values <0.2 were further analyzed using MW 

Rank Sum Test.  Differences were considered significant if p-values were ≤ 0.05 when 



24 

analyzing with ANOVA on Ranks and MW Rank Sum Test.  Trends were considered at p-

values ≤ 0.1 when analyzing with MW Rank Sum Test. 

 

1.3 Results 

1.3.1 Study Population and Demographics 

Recruitment for this study occurred between June 2008 and October 2009.  A total of 

108 participants were consented and enrolled in this study.  Fasting blood was assessed from 

84 of the consented individuals.  The study population description, clinical, metabolic, and 

mt measurements are reported in Table 1 as medians and inter-quartile ranges.  Our study 

population consisted of 77% females.  Majority of the study population was of Filipino 

ethnicity, 6% of participants were a percentage of Hawaiian, Chinese, Caucasian, Portuguese, 

or Samoan.   

Based on self-reported surveys, 21% of individuals were diagnosed with T2DM by 

their physicians, which include 3 males and 16 females.  Eighteen participants were 

prescribed insulin-sensitizing medications, ie. Metformin, Actos, and Glipizide; and one 

participant was prescribed insulin glargine (Lantus). Thirty-seven percent of participants 

were self-reported to be hypertensive and were prescribed blood pressure controlling 

medications (diuretics and/or beta-blockers).  About half of participants were considered 

obese (54%), BMI ≥ 25 kg/m2, based on the World Health Organization’s recommended 

BMI cut-off points for Asian ethnic groups [60]. 
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Table 1.  Population description, clinical measurements, and metabolic parameters of total 
participants (N = 84).  Results are presented as medians and inter-quartile ranges. 

Variable Total (N = 84) 
Population Description: 

Gender:  % Female 
% T2DM 

% Hypertensive 
% Obese 

 
77% 
21% 
37% 
54% 

Clinical Measurements: 
Age (years) 

Systolic BP (mmHg) 
Diastolic BP (mmHg) 

Height (cm) 
Weight (kg) 
Waist (cm) 

Body Mass Index (kg/m2) 

 
64.0 

132.0 
72.0 

154.9 
58.8 
88.9 
24.8 

 
(52.0,70.0) 
(115.3,143.8) 
(66.0,84.0) 
(149.6,162.6) 
(52.7,68.2) 
(81.3,97.5) 
(22.5,27.3) 

Metabolic Parameters: 
Fasting Cholesterol (mg/dl) 

Fasting Glucose (mg/dl) 
Fasting Insulin (µIU/ml) 

HOMA-IR 

 
179.0 
100.0 

6.7 
1.72 

 
(162.5,207.5) 
(92.5,113.0) 
(4.9,10.9) 
(1.15,2.93) 

Mitochondrial Parameters: 
Complex I Protein * 

Complex IV Protein * 
Complex I Activity * 

Complex IV Activity* 
8-oxo-dG levels (BF) 
MtDNA (copies/cell) 

 
102.68 
94.15 

120.93 
98.52 
0.14 
159  

 
(83.45,129.00) 
(79.55,103.11) 
(95.94,148.38) 
(84.88,108.09) 
(0.06,0.28) 
(124,182) 

BF, Break Frequency; *, OD/µg x 103 
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1.3.2 Metabolic and Mitochondrial Parameters Stratified by Presence or Absence of 

Type 2 Diabetes and/or Obesity 

Study population description, clinical, metabolic, and mt profiles are stratified by 

self-reported diagnosis of T2DM, regardless of BMI, in Table 2.  Fasting glucose levels were 

significantly higher in the T2DM sub-population (n=19) (121.0 (110.0,140.0) mg/dl) 

compared to non-T2DM (98.0 (89.0,106.0) mg/dl) (p=<0.001, Rank Sum).  Significantly 

higher HOMA-IR levels were observed in the T2DM sub-population (1.96 (1.56,4.67)) 

compared to the non-T2DM (1.66 (1.02,2.81)) (p=0.028, Rank Sum).   

No significant changes were observed in OXPHOS protein and activity levels and 

oxidative stress between the T2DM and non-T2DM sub-populations.  MtDNA levels were 

significantly lower in the T2DM sub-population (139 (110,135) copies/cell) compared to 164 

(127,189) copies/cell in the non-T2DM sub-population (p=0.032, Rank Sum).   

In Table 3, participants were stratified by BMI categories, regardless of presence of 

T2DM, according to stratifications set by the WHO [60].  Individuals who were <23 kg/m2 

were considered normal, 23-<25 kg/m2 were overweight (OW), and ≥25 kg/m2 were obese.  

Aside from significant differences in weight and BMI between the three categories 

(p=<0.001, ANOVA), obese individuals had larger waist circumferences compared to 

individuals with normal and overweight BMI (Obese: 97.2 (91.4, 104.1) cm, OW: 86.4 

(81.3,91.4) cm, Normal: 81.3 (79.1,84.3) cm) (normal vs. obese/OW vs. obese: p = <0.001, 

Rank Sum).  When comparing metabolic profiles, insulin (p=<0.001, Rank Sum) and 

HOMA-IR (p=<0.001, Rank Sum) levels were higher in obese (insulin: 8.4 (6.4,12.8) 

µIU/ml, HOMA-IR: 2.07 (1.68,3.60)) individuals compared to normal (insulin: 5.2 (4.1, 6.4) 
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µIU/ml, HOMA-IR: 1.24 (0.93,1.68)).  Mt OXPHOS Complex I protein levels were 

significantly higher in obese individuals (105.00 (88.61,133.05) OD/µg x 103) compared to 

individuals with normal BMI (92.30 (74.48,112.31) OD/µg x 103). 

Stratifications in Tables 2 and 3 were combined in Table 4, taking into consideration 

presence of T2DM and/or obesity.  Regardless of T2DM status, weight and BMI 

measurements were significantly higher in obese sub-population (Weight/BMI – non-

obese/non-T2DM: 52.7 (49.0,55.0) kg/22.6 (20.6,24.1) kg/m2, non-obese/T2DM: 48.0 

(45.7,60.1) kg/21.6 (19.2,24.2) kg/m2, Obese/non-T2DM: 68.4 (59.8,80.8) kg/27.9 

(26.2,29.6) kg/m2, obese/T2DM: 64.4 (58.8,69.5) kg/26.4 (26.1,26.8) kg/m2) (p=<0.001, 

ANOVA).  Waist circumference measurements were significantly higher the obese sub-

population, regardless of T2DM status, compared to the non-obese/non-T2DM sub-

population (non-obese/non-T2DM: 83.2 (80.3,88.3) cm, non-obese/T2DM: 83.8 (79.4,84.5) 

cm, obese/non-T2DM: 97.8 (91.4,104.8) cm, obese/T2DM: 96.5 (85.7,98.3) cm) (p=<0.001, 

ANOVA).  An increase in waist circumference was observed between non-obese/T2DM and 

obese/T2DM sub-populations, however it was not significant (p=0.126, Rank Sum).  Fasting 

glucose levels were increased in the T2DM sub-populations, regardless of obesity status, 

compared to the non-T2DM sub-populations (non-obese/non-T2DM:  97.0 (88.5,104.0) 

mg/dl, obese/non-T2DM: 100.0 (92.0,111.0) mg/dl, non-obese/T2DM: 128.0 (113.0,146.0) 

mg/dl, obese/T2DM: 113.0 (107.5,127.3) mg/dl) (p=<0.001, ANOVA).  Significant increases 

in fasting insulin levels were observed between the obese sub-populations, regardless of 

T2DM status, and the non-obese/non-T2DM sub-population (non-obese/non-T2DM: 5.2 

(4.1,7.1) µIU/ml, obese/non-T2DM: 8.7 (6.5,12.9) µIU/ml, obese/T2DM: 8.2 (5.8,20.2) 

µIU/ml) (p=<0.001, ANOVA).  No differences in insulin levels were observed between the 
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non-obese/T2DM sub-population (6.1 (5.1,14.0) µIU/ml) and other groups.  HOMA-IR 

levels were significantly lower in the non-obese/non-T2DM sub-population compared to the 

other groups (non-obese/non-T2DM: 1.3 (1.0,1.7), obese/non-T2DM: 2.2 (1.7,3.3), non-

obese/T2DM: 2.2 (1.5,4.7), obese/T2DM: 2.0 (1.7,6.8)) (p=<0.001, ANOVA).  Complex I 

protein levels were higher in the obese/non-T2DM sub-population (108.46 (99.21,133.66) 

OD/µg x 103) compared to the non-obese/non-T2DM (95.86 (74.94,122.37) OD/µg x 103) (p 

= 0.033, Rank Sum), non-obese/T2DM (88.39 (82.58,110.97) OD/µg x 103) (p=0.058, Rank 

Sum) and obese/T2DM (91.28 (68.45,124.10) OD/µg x 103) (p=0.092, Rank Sum) sub-

populations (p=0.072, ANOVA).  No significant differences in Complex I protein levels 

were observed in the non-obese/non-T2DM (95.86 (74.94,122.37) OD/µg x 103) compared to 

the obese/non-T2DM subpopulation, or the non-obese/T2DM and obese/T2DM 

subpopulations.  MtDNA levels were higher in the obese/non-T2DM sub-population (171 

(135,192) copies/cell) compared to the non-obese/T2DM (146 (110,165) copies/cell) 

(p=0.053, Rank Sum) and obese/T2DM (133 (109,156) copies/cell) (p=0.069, Rank Sum) 

(p=0.151, ANOVA).  No significant differences in mtDNA levels were observed between the 

non-obese/non-T2DM (157 (126,182) copies/cell) compared to the obese/non-T2DM sub-

population, or the T2DM sub-populations.    
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Table 2.  Population description and metabolic and mt parameters stratified by presence of 
T2DM.  Data are presented as medians and inter-quartile ranges.   
#p=<0.001, @p=0.028, ^p=0.038, Rank Sum 

Variable T2DM (n=19) Non-T2DM (n=65) 
Population Description: 

Gender:  % Female 
% Hypertensive 

% Obese 

 
79% 
58% 
47% 

 
75% 
34% 
46% 

Clinical Measurements: 
Age (years) 

Systolic BP (mmHg) 
Diastolic BP (mmHg) 

Height (cm) 
Weight (kg) 
Waist (cm) 

Body Mass Index (kg/m2) 

 
65.0 

137.5 
66.0 

154.9 
59.6 
84.5 
24.9 

 
(60.5,71.3) 
(118.0,158.0) 
(60.0,76.0) 
(150.3,162.6) 
(47.4,65.1) 
(83.8,97.5) 
(21.3,26.4) 

 
64.0 

132.0 
72.0 

154.9 
57.2 
89.5 
24.7 

 
(48.8,72.0) 
(115.3,143.0) 
(66.0,83.5) 
(148.6,162.6) 
(52.2,67.7) 
(81.3,97.8) 
(22.5,27.4) 

Metabolic Parameters: 
Fasting Cholesterol (mg/dl) 

Fasting Glucose (mg/dl) 
Fasting Insulin (µIU/ml) 

HOMA-IR 

 
178.0 
121.0 

6.6 
1.96 

 
(161.0,208.0) 
(110.0,140.0)# 
(5.1,14.0) 
(1.56,4.67)@ 

 
180.0 
98.0 
6.7 

1.66 

 
(162.5,205.5) 
(89.0,106.0)# 
(4.5,9.4) 
(1.02,2.81)@ 

Mitochondrial Parameters: 
Complex I Protein * 

Complex IV Protein * 
Complex I Activity* 

Complex IV Activity* 
8-oxo-dG levels (BF) 
MtDNA (copies/cell) 

 
90.84 
96.97 

134.25 
100.22 

0.20 
139 

 
 (80.55,119.09) 
(75.41,103.89) 
(80.46,157.53) 
(89.07,123.37) 
(0.06,0.32) 
(110,165)^ 

 
105.00 
92.46 

118.00 
97.60 
0.12 
164 

 
 (84.01,133.66) 
(80.17,103.11) 
(87.47,137.30) 
(84.88,107.88) 
(0.06,0.27) 
(127,189)^ 

BF, Break Frequency; *, OD/µg x 103  
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Table 3.  Population description, clinical, metabolic and mitochondrial (mt) parameters 
stratified by BMI.  Data are presented as medians and inter-quartile ranges.   

 ^p=<0.001, ANOVA; *p=0.002, @#&$p=<0.001, αp = 0.026, Rank Sum. 

Variable Normal (n=24) Overweight (n=21) Obese (n=39) 
Pop. 

Female 
T2DM 
Hypt. 

 
75% 
25% 
25% 

 
86% 
19% 
48% 

 
72% 
23% 
41% 

Clinical  
Age 
SBP   
DBP  

Height 
Weight 

Waist 
BMI 

 
68.0 

129.0 
66.0 

155.9 
48.8 
81.3 
20.3 

 
(59.5,78.5) 
(110.0,137.0) 
(62.0,71.0)* 
(152.4,158.1) 
(45.7,53.2)^ 
(79.1,84.3)@ 
(19.3,21.8)^ 

 
64.0 

140.0 
80.5 

151.1 
54.4 
86.4 
24.2 

 
(51.5,70.5) 
(121.5,148.5) 
(70.0,86.5)* 
(147.3,160.7) 
(52.6,62.0)^ 
(81.3,91.4)# 
(23.7,24.7)^ 

 
62.0 

132.0 
72.0 

154.9 
68.3 
97.2 
27.3 

 
(53.5,69.0) 
(118.3,145.5) 
(66.0,81.8) 
(148.0,163.5) 
(59.6,76.5)^ 
(91.4,104.1)@# 
(26.2,29.1)^ 

Metabolic  
Chol  

Glucose 
Insulin 

IR 

 
178.0 
96.0 
5.2 

1.24 

 
(166.5,191.5) 
(89.0,106.0) 
(4.1,6.4)& 
(0.93,1.68)$ 

 
188.0 
100.0 

6.4 
1.60 

 
(166.5,216.8) 
(94.5,124.5)  

(4.5,8.2) 
(1.01,2.54) 

 
180.0 
103.0 

8.4 
2.07 

 
(144.8,203.8) 
(95.5,121.3) 
(6.4,12.8)& 
(1.68,3.60)$ 

Mt  
CI-P 

CIV-P  
CI-A 

CIV-A 
8-oxo-dG  

mtDNA 

 
92.30 
96.95 

118.00 
99.61 
0.20 
155 

 
 (74.48,112.31)α 
(78.98,101.45) 
(92.34,152.70) 
(89.05,110.85) 
(0.09,0.29) 
(124,172) 

 
96.85 
99.56 

131.18 
102.23 

0.10 
157 

 
 (77.80,138.43) 
(85.35,108.23) 
(94.24,157.25) 
(88.93,111.01) 
(0.03,0.33) 
(121,178) 

 
105.00 
90.29 

119.53 
95.42 
0.13 
164 

 
(88.61,133.05)α 
(78.01,101.05) 
(95.50,133.34) 
(84.21,105.53) 
(0.06,0.26) 
(123,186) 

Hypertension (Hypt.), age measured in years, SBP/DBP measured as mmHg, height and 
waist circumference (Waist) measured in cm, BMI measured in kg/m2, fasting 
cholesterol/glucose measured as mg/dl, fasting insulin measured as µIU/ml, mtDNA 
measured as copies/cell, 8-oxo-dG measured by break frequency (BF), OXPHOS Complex 
I/IV protein (CI-P, CIV-P) and activity (CI-A, CIV-A) measured as OD/µg x 103. 
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Table 4.  Population description and metabolic and mt parameters stratified by presence of 
T2DM and/or obesity.   %p=<0.001, ANOVA; @p = 0.058, #p = 0.092, ^p = 0.053,  &p = 
0.069, $p = 0.027, +αβδηp = <0.001, ιp = 0.009, γp = 0.007, κp = 0.047, εp = 0.036, ζp = 0.008, 
θp = 0.006, λp = 0.033, Rank Sum.  

Variable Non-T2DM/Non-obese (n=35) Non-T2DM/Obese (n=30) 
%Female 

% Hypertensive 
80% 
31% 

70% 
37% 

Age (years) 
Systolic BP (mmHg) 

Diastolic BP (mmHg) 
Height (cm) 
Weight (kg) 
Waist (cm) 

Body Mass Index (kg/m2) 

65.0 
132.0 
71.0 

153.7 
52.7 
83.2 
22.6 

(48.5,73.8) 
(112.0,140.0) 
(63.5,84.3) 
(149.6,157.2) 
(49.0,55.0)% 
(80.3,88.3)$+ 
(20.6,24.1)% 

63.0 
132.0 
76.0 

155.6 
68.4 
97.8 
27.9 

(49.0,69.0) 
(119.0,144.0) 
(68.0,82.0) 
(147.3,165.1) 
(59.8,80.8)% 
(91.4,104.8)+ι 
(26.2,29.6)% 

Fasting Cholesterol (mg/dl) 
Fasting Glucose (mg/dl) 
Fasting Insulin (µIU/ml) 

HOMA-IR 

178.0 
97.0 
5.2 
1.3 

(166.3,196.0) 
(88.5,104.0)αβγ 
(4.1,7.1)δε 
(1.0,1.7)ζηθ 

180.5 
100.0 

8.7 
2.2 

(139.0,227.0) 
(92.0,111.0)γκ 
(6.5,12.9)δ 
(1.7,3.3)η 

Complex I Protein * 
Complex IV Protein * 

Complex I Activity* 
Complex IV Activity* 
8-oxo-dG levels (BF) 

MtDNA copies/cell 

95.86 
95.13 

120.72 
101.23 

0.12 
157 

 (74.94,122.37)λ 
(81.18,102.76) 
(99.36,152.04) 
(87.62,109.34) 
(0.04,0.27) 
(126,182) 

108.46 
91.10 

117.94 
94.21 
0.13 
171 

 (99.21,133.66)@# λ 
(79.55,103.11) 
(94.17,130.83) 
(84.76,105.35) 
(0.06,0.26) 
(135,192)^& 

Variable T2DM/Non-obese (n=10) T2DM/Obese (n=9) 
% Females 

% Hypertensive 
80% 
60% 

78% 
56% 

Age (years) 
Systolic BP (mmHg) 

Diastolic BP (mmHg) 
Height (cm) 
Weight (kg) 
Waist (cm) 

Body Mass Index (kg/m2) 

66.5 
138.0 
71.0 

155.9 
48.0 
83.8 
21.6 

(64.0,72.0) 
(130.3,169.0) 
(63.8,78.0) 
(152.4,162.6) 
(45.7,60.1)% 
(79.4,84.5)ι 
(19.2,24.2)% 

62.0 
121.0 
62.0 

153.7 
64.4 
96.5 
26.4 

(57.8,69.8) 
(115.3,149.8) 
(59.8,72.5) 
(149.7,162.6) 
(58.8,69.5)% 
(85.7,98.3)$ 
(26.1,26.8)% 

Fasting Cholesterol (mg/dl) 
Fasting Glucose (mg/dl) 
Fasting Insulin (µIU/ml) 

HOMA-IR 

193.0 
128.0 

6.1 
2.2 

(175.0,219.0) 
(113.0,146.0)α 
(5.1,14.0) 
(1.5,4.7)ζ 

171.0 
113.0 

8.2 
2.0 

(149.3,182.3) 
(107.5,127.3)βκ 
(5.8,20.2)ε 
(1.7,6.8)θ 

Complex I Protein* 
Complex IV Protein* 
Complex I Activity* 

Complex IV Activity* 
8-oxo-dG levels (BF) 

MtDNA copies/cell 

88.39 
101.21 
142.50 
106.96 

0.21 
146 

 (82.58,110.97)@ 
(86.75,109.95) 
(78.81,160.11) 
(93.26,136.13) 
(0.07,0.40) 
(110,165)^ 

91.28 
81.58 

134.25 
97.13 
0.13 
133 

 (68.45,124.10)# 
(74.66,96.29) 
(111.24,151.77) 
(84.81,112.80) 
(0.05,0.28) 
(109,156)& 

BF, Break Frequency; *, OD/µg x 103 
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1.3.3 Metabolic and Mitochondrial Parameters Stratified by Gender 

Metabolic and mt parameters are stratified by gender in Table 5.  Males and females 

show no significant differences in their metabolic profiles.  However, a higher level of 8-oxo-

dG was observed among the females (p=0.044, Rank Sum) with a median 8-oxo-dG BF of 

0.15 (0.08,0.32) in females and 0.10 (0.001,0.20) in males.  Males showed a higher level of 

Complex I activity, with median OD x 103 of 131.36 (104.27,157.74) and 118.00 

(89.05,137.17) in females; however, this difference was not statistically significant (p=0.188, 

Rank Sum).  
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Table 5.  Metabolic and mt parameters stratified by gender.  Data are presented as medians 
and inter-quartile ranges.  @p = 0.001, &p = 0.033 

Variable Males (n=20) Females (n=64) 
Population Description: 

% T2DM 
% Hypertensive 

% Obese 

 
20% 
45% 
55% 

 
23% 
38% 
44% 

Clinical Measurements: 
Age (years) 

Systolic BP (mmHg) 
Diastolic BP (mmHg) 

Height (cm) 
Weight (kg) 
Waist (cm) 

Body Mass Index (kg/m2) 

 
64.5 

139.0 
71.0 

165.1 
69.4 
91.4 
26.3 

 
(52.5,72.5) 
(124.8,145.8) 
(66.3,78.3) 
(159.7,167.6) 
(56.4,83.9)@ 
(81.3,104.8) 
(22.5,28.8) 

 
65.0 

131.0 
71.0 

153.5 
56.7 
88.9 
24.8 

 
(55.5,70.5) 
(115.0,143.0) 
(64.0,84.0) 
(147.5,156.7) 
(51.8,64.4)@ 
(81.6,96.5) 
(21.9,26.6) 

Metabolic Parameters: 
Fasting Cholesterol (mg/dl) 

Fasting Glucose (mg/dl) 
Fasting Insulin (µIU/ml) 

HOMA-IR 

 
186.0 
100.0 

6.1 
1.6 

 
(160.3,216.0) 
(91.8,110.5) 
(3.8,12.7) 
(0.9,3.7) 

 
178.0 
100.0 

7.1 
1.7 

 
(165.3,195.5) 
(93.0,116.0) 
(5.3,9.1) 
(1.4,2.8) 

Mitochondrial Parameters: 
MtDNA copies/cell 

8-oxo-dG levels (BF) 
Complex I Protein * 

Complex IV Protein * 
Complex I Activity* 

Complex IV Activity* 

 
156.0 
0.10 

102.05 
96.95 

131.36 
97.13 

 
(112.8,175.8) 
(0.01,0.20)& 
(84.16,130.32) 
(79.71,104.89) 
(104.27,157.74) 
(84.79,107.33) 

 
164.0 
0.15 

102.85 
94.05 

119.53 
99.44 

 
(129.5,190.5) 
(0.08,0.32)& 
(82.75,128.56) 
(79.31,102.08) 
(88.68,136.13) 
(87.87,108.96) 

BF, Break Frequency; *, OD/µg x 103. 
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1.3.4 Correlations Between Clinical and Metabolic Measurements with Mitochondrial 

Parameters 

OXPHOS Complex I protein positively correlated with BMI (r = 0.261, p = 0.021) 

(Figure 1).  A similar observation was seen in Figure 2 between waist circumference and 

Complex I protein (r = 0.280, p = 0.020).  OXPHOS Complex I activity negatively 

correlated with 8-oxo-dG levels (r = -0.363, p = 0.005) in the non-T2DM sub-population 

(Figure 3). MtDNA copies/cell positively also correlated with Complex I protein in the non-

T2DM sub-population (n = 65)  (r = 0.315, p = 0.012) (Figure 4).  MtDNA copies/cell 

negatively correlated with age (r =-0.289, p = 0.009) (Figure 5) and fasting glucose levels (r 

=-0.353, p = <0.001) (Figure 6), regardless of T2DM and obesity status. 
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 Figure 1.  Body Mass Index Correlates with OXPHOS Complex I Protein.  A positive 
correlation (r = 0.261, p = 0.021) observed between BMI and Complex I protein in PBMCs 
of total participants (N=84), determined by protein quantification colorimetric thin layer 
chromatography immuno-capture assay. 
 

 



36 

 
Figure 2.  Waist Circumference Correlates with OXPHOS Complex I Protein.  A 
positive correlation (r = 0.280, p = 0.020) observed between waist circumference and mt 
Complex I protein quantity in PBMCs of total participants (N = 84), determined by protein 
quantification colorimetric thin layer chromatography immuno-capture assay. 
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Figure 3.  Oxidative Stress Correlates with OXPHOS Complex I Activity.  A negative 
correlation (r = -0.363, p = 0.005) observed between 8-oxo-dG BF and Complex I activity in 
PBMCs of non-T2DM (n = 65) measured by Southern Blot analysis (8-oxo-dG) and an 
enzyme activity quantification colorimetric thin layer chromatography immuno-capture 
assay. 
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Figure 4.  MtDNA Levels Correlate with OXPHOS Compex I Protein.  A positive 
correlation (r = 0.309, p = 0.014) observed between mtDNA copies/cell and Complex I 
protein in PBMCs of non-T2DM (n = 65) determined by amplification of the mt gene NADH 
dehydrogenase and adjusting for single-copy nuclear gene Fas Ligand using Real-Time PCR 
(mtDNA copies/cell) and an enzyme activity quantification colorimetric thin layer 
chromatography immuno-capture assay. 
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Figure 5.  Age Correlates with MtDNA Levels.  A negative correlation (r = -0.289, p = 
0.008) observed between age and mtDNA copies/cell in PBMCs of total participants (N = 
84) determined by amplification of the mt gene NADH dehydrogenase and adjusting for 
single-copy nuclear gene Fas Ligand using Real-Time PCR. 
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Figure 6.  Fasting Glucose Levels Correlate with MtDNA Levels.  A negative correlation 
(r = -0.353 and p = <0.001) observed between fasting glucose leves and mtDNA copies/cell 
in PBMCs of total participants (N = 84) determined by amplification of the mt gene NADH 
dehydrogenase and adjusting for single-copy nuclear gene Fas Ligand using Real-Time PCR. 
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1.4 Discussion 

1.4.1 Increases in Oxidative-Phosphorylation Protein Levels Associated with Obesity 

and Type 2 Diabetes 

In our study, it was observed that OXPHOS Complex I protein levels were 

significantly higher in the individuals with an obese BMI compared to those with normal 

BMI (Table 3).  When data was further stratified by obesity and T2DM, obese/non-T2DM 

sub-population compared to non-obese/non-T2DM, and at lower levels in the obese/T2DM 

and the non-obese/T2DM sub-populations compared to the obese/non-T2DM (Table 4).  No 

significant differences were observed between the both T2DM sub-populations and the non-

obese/non-T2DM.  Our data suggests that an increase in OXPHOS Complex I protein in 

PBMCs is associated with obesity, prior to the onset of T2DM.  

To further understand the changes in OXPHOS in PBMCs prior to the onset of 

obesity and/or T2DM, we examined relationships between clinical and metabolic parameters 

with OXPHOS protein and activity levels.  BMI and waist circumference measurements are 

often used to evaluate risk levels for both obesity and T2DM.  In Figures 1 and 2, it is 

observed that BMI and waist circumference positively correlate with OXPHOS Complex I 

protein, regardless of T2DM status.  Therefore, an increase in Complex I protein levels 

should be further investigated as a possible predictive marker for obesity and T2DM.   

Differences in OXPHOS levels are widely studied in skeletal muscle.  In previous 

investigations done in skeletal muscle, it was observed that OXPHOS levels are decreased in 

the presence of T2DM and/or obesity [11, 47].  Our observation of increasing OXPHOS 

protein levels is consistent with previous findings in liver cells, rather than skeletal muscle.  
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In a study done by Takamura et al. [53], gene expression levels of proteins involved in 

metabolism were examined in liver biopsies of 21 individuals with T2DM, of which 10 were 

obese and 11 were non-obese.   Microarray data showed that genes involved in OXPHOS 

were up-regulated in the 10 obese individuals with T2DM compared to the 11 non-obese.  In 

a study done using animal modeling by Buchner et al. [61], differences in gene expression 

levels in liver cells were examined between 10 obesity-inducible mice compared to 10 

obesity-resistant mice.  After 100 days of a high fat diet given to both groups of mice, 

microarray data and quantitative PCR showed an increase in expression levels of genes 

involved in OXPHOS in the 10 obesity-inducible mice were up-regulated compared to the 10 

obesity-resistant mice.  Additionally, liver cells of obesity-induced mice exhibited higher 

levels of oxidative capacity compared to obesity-resistant mice.  Thus, our observation of 

increased OXPHOS protein in PBMCs and similar observations by other investigators in the 

liver further suggests that an increased OXPHOS in specific cells is associated with obesity 

and possibly the onset of T2DM.        

 

1.4.2 Decreases Mitochondrial Oxidative-Phosphorylation Activity Due to Increases in 

Oxidative Stress 

Elevated OXPHOS levels increase the production of ROS within the mitochondria 

[62].  Normally, mitochondria have the capacity to combat increases in ROS production 

through a series of anti-oxidants [63].  Oxidative stress occurs when ROS production exceeds 

anti-oxidant capacities, and to a level that causes mutations to mtDNA, disruptions to the 

inner mt membrane, and eventually OXPHOS dysfunction [64].  Increased oxidative stress 
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levels are implicated in the complex pathophysiology of obesity and T2DM [65].  This 

increase in oxidative stress levels in T2DM may explain the decrease in OXPHOS Complex I 

protein levels between the Obese/non-T2DM and the Obese/T2DM sub-population.  

Oxidative stress levels were evaluated in our study by examining 8-oxo-dG levels, one of the 

most common mutagenic lesions found in mtDNA [58].  When our study population was 

stratified by T2DM and/or obesity status, no significant differences in 8-oxo-dG levels were 

observed groups (Table 2-4).  Oxidative stress levels appear to higher in T2DM (Table 2), 

however, this difference did not reach significance.   

Aside from obesity and T2DM status, an increase in 8-oxo-dG levels in females 

compared to males was observed when our study population was stratified by gender (Table 

5).  Based on recent literature, gender is a factor that influences oxidative stress levels [66].  

In a previous study by Block et al., lipid peroxidation, measured by plasma malondialdehyde 

and F2-isoprostane levels, were increased in females compared to males [67, 68].  It was 

proposed that this observation was due to an increase in body fat percentage in women, 

however differences remained significant even the data was controlled for BMI.  In a study 

by Mooney et al., plasma levels of 5-hydroxymethyl-2’-deoxyuridine, a form of an oxidative 

DNA base modification, are increased in 63 middle-aged female smokers compared to 77 

middle-aged male smokers after adjusting for cigarettes consumed per day [69].  Oxidants 

generated from estrogen metabolism are suggested to be the cause of the increased level of 

oxidative stress.   

Since no differences in oxidative stress were found between sub-populations stratified 

by obesity and T2DM status, we further investigated relationships between parameters at the 

cellular level.  High levels of oxidative stress due to increased levels of ROS production and 
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exceeded anti-oxidant capacities have been previously shown to decrease OXPHOS activity 

[70].  In our study, we observed in non-T2DM individuals that increased 8-oxo-dG levels 

was associated with decreased Complex I enzyme activity (Figure 3).  This observation is 

consistent with a previous investigation in PBMCs by Takamura et al. [55].  Differences in 

gene expression levels were evaluated in PBMCs of 18 individuals with T2DM and 16 non-

T2DM controls.  Microarray data showed that genes of the c-Jun N-terminal kinase pathway 

(used as measurement of oxidative stress levels at the transcription level) were up-regulated 

and genes involved in OXPHOS were down-regulated in T2DM individuals.  Although, there 

were no significant differences in oxidative stress between the T2DM and obese sub-

populations, we did observe an inverse correlation between OXPHOS Complex I activity and 

8-oxo-dG levels.  Therefore, it is possible that oxidative stress levels in PBMCs play a role in 

the cellular pathophysiology of T2DM by decreasing OXPHOS levels.   

 

1.4.3 Decreases in Mitochondrial DNA Levels Associated with Type 2 Diabetes  

MtDNA encode for subunits of proteins involved in OXPHOS, and highly susceptible 

to oxidative stress [71].  It was observed in Figure 4 that mtDNA levels positively correlated 

with OXPHOS Complex I protein levels.  Therefore, decreases in OXPHOS levels may be 

due to decreased levels of mtDNA.  At the same, increased levels of oxidative stress may 

cause decreases in mtDNA.  In our study, we observed a significant decreased mtDNA 

copies/cell in T2DM individuals (Table 2).  When our data was stratified by T2DM and 

obesity in Table 4, it was shown that obesity was a factor to the increased mtDNA levels in 

the non-T2DM population.  Our study is the first to report this observation.  Lee et al., 

compared mtDNA levels in 55 T2DM individuals and 29 age- and sex-matched control 
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subjects with BMIs of 23.8 ± 3.5 kg/m2 (T2DM) and 24.3 ± 3.6 kg/m2 (non-T2DM) [54].  In 

this investigation, Southern Blot methodology was done using a cDNA probe for human 

cytochrome c oxidase subunit II that is encoded in the mt genome.  It was observed that in 

PBMCs of individuals with T2DM, a 25-35% decrease of mtDNA levels was observed.  This 

decrease in mtDNA levels in T2DM individuals was also observed in skeletal muscle.  A 

study by Antonetti et al., compared mtDNA levels in skeletal muscle biopsies from 10 

individuals with Type 1 diabetes, 40 individuals with T2DM, and 20 normal individuals [72].  

Muscle biopsies were taken either from the quadriceps or the gastrocnemius and consisted of 

a mixture of muscle fiber types.  Using Southern Blot methodology, a 50% decrease in 

mtDNA levels was observed in skeletal muscle of both type 1 and type 2 diabetics compared 

to the normal group.  Thus, our study supports that decreased mtDNA levels in PBMCs is 

associated with T2DM. 

We further investigated the possibility of decreased mtDNA levels as a pre-

disposition to T2DM, by evaluating correlations between mtDNA copies/cell and clinical and 

metabolic parameters.  Increased age is a risk factor for T2DM.  Others have investigated 

that mtDNA deletions and mutations are associated with obesity and T2DM, and also 

accumulate with age [71, 73].  Age-related oxidative stress due to the constant production 

and accumulation of ROS in the mitochondria over time causes damage to mtDNA, proteins, 

and lipids [36].  It has been shown that increases in deletions and mutations result in lower 

mtDNA copies/cell detected through quantitative PCR [74].  In our study, we observed a 

negative correlation between age and mtDNA copies/cell, regardless of T2DM and obesity 

status (Figure 5).  This observation is consistent with findings in a study by Song et al [75].  

PBMC mtDNA levels of 52 participants with normal glucose tolerance (NGT) who were not 
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offspring of parents with T2DM and with normal glucose tolerance were compared to 82 

participants (52 NGT, 21 with impaired glucose tolerance, and 9 newly diagnosed with 

T2DM) who were offspring of T2DM parents using real-time PCR.  A decrease in mtDNA 

levels was observed in the 82 offspring of T2DM parents.  It was also observed in the 52 

participants who were not offspring of T2DM parents that PBMC mtDNA levels negatively 

correlate with age.  This correlation was not found in the 82 offspring of T2DM parents.       

Hyperglycemia is characterized in T2DM, as well as in obesity.  High glucose levels 

induce an overproduction of ROS in mitochondria and cause mt dysfunction [32, 76].  In our 

study, we observed that increasing fasting glucose levels decreases mtDNA copies/cell in our 

total study population, regardless of the presence of T2DM (Figure 6).  This observation 

further reinforces our findings in Table 2, in which we observed significantly lower levels of 

mtDNA copies/cell in T2DM who in turn have higher fasting glucose levels.  A study by 

Hseih et al. [77], observed that glycosylated hemoglobin levels and mtDNA content in 

muscle tissue of 17 T2DM are significantly and negatively correlated.  Lee et al., observed a 

negative correlation between fasting glucose levels and mtDNA levels, in addition to lower 

levels of mtDNA in the presence of T2DM [54].  Thus, a decrease in mtDNA levels in 

PBMCs is associated with T2DM and its risk factors.       

 

1.4.4 Conclusions, Limitations, and Future Studies 

 In this cross-section study, it was shown that systemic mt differences in PBMCs can 

be observed in the presence of T2DM.  Significantly lower levels of mtDNA copies/cell was 

found to be associated with T2DM.  MtDNA levels negatively correlated with age and 

fasting glucose levels.  Positive correlations were seen between OXPHOS Complex I protein 
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levels in PBMCs and obesity, indicated by increasing BMI and waist circumference.  This 

finding proposes a hypothesis that an increase in mt OXPHOS function to compensate for 

increased fuel intake, in the case of obesity, prior to mt dysfunction upon the onset of T2DM.   

 Limitations to this study included our stratification methods through a self-reported 

survey.  Due to our surveys being self-reported, there could be possibilities for 

misclassifications between T2DM and non-T2DM, and hypertensive and non-hypertensive 

individuals.  Our study also did not take into account medications that were prescribed to our 

participants.  Metformin was a common drug used by T2DM individuals to improve insulin 

sensitivity.  The molecular mechanism of metformin within the cell remains unclear.  A study 

done to investigate its underlying role in improving insulin sensitivity in hepatocytes showed 

that metformin activates cell pathways involved in energy homeostasis and inhibiting 

OXPHOS Complex I protein [78].  This effect has yet to be investigated in PBMCs.  Lastly, 

the age of our study population may be a limiting factor in our study.  Most of the 

participants were considered geriatric with a median age of 64.0 (52.0,70.0) years.  Aging is 

associated with increased accumulation and damage at the cellular level, which may include 

mt function [79].  A broader age range would have been ideal for this study in order to 

investigate mt function prior to age-related alterations at the cellular level. 

 Future directions for this study include investigating if systemic mt function can be 

improved regardless of T2DM status.  The improvement may be an important factor in 

improving insulin sensitivity.  To accomplish this, an investigation involving a longitudinal 

study must be done that follows a study population as they undergo an intervention that 

emphasizes life-style modifications to improve T2DM status or lowers risk levels of 

acquiring the disease.  Chapter 2 will discuss such a study.  The same study population 
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involved in the cross-sectional study in this chapter will undergo a diet and exercise 

intervention, and at the same time longitudinal analysis will be done to investigate the long-

term effects of life-style modifications on systemic mt function in PBMCs. 
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CHAPTER 2.  Systemic Mitochondrial Function and Life-Style Modifications in a 

Filipino Population 

 

2.1 Introduction 

2.1.1.  Life-style Modifications, Type 2 Diabetes, and Obesity  

T2DM is influenced by genetic, environmental, and behavioral determinants [80].  

Obesity and physical inactivity are two non-genetic risk factors highly associated with T2DM 

[81].  In recent literature, insulin resistance is a principle abnormality that links obesity to 

T2DM [82, 83].  Improvements of insulin activity are the basis of treatments for obesity and 

T2DM.  Previous clinical trials provide evidence that weight loss due to life-style 

modifications by diet and exercise interventions can prevent individuals with impaired 

glucose tolerance (IGT) or a high risk for T2DM from acquiring metabolic complications 

[81, 84].  Compared to a group of IGT individuals who were not part of a diet and/or exercise 

intervention, IGT individuals who received a diet, exercise intervention, or both for 3.2 or 5 

years significantly decreased in the incidence of T2DM development by 25-50% [84].  This 

finding can be reinforced by previous human and animal studies indicating that weight 

loss/gain is associated with increasing/decreasing insulin sensitivity [45, 85].  The use of 

insulin sensitizing medications, such as thiazolidinediones (metformin), is routinely 

prescribed and has been shown to be efficient in lowering plasma glucose levels without 

increasing insulin plasma concentrations, however treatment with medications has lower 

success rate compared to life-style modifications [18, 86]. 
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2.1.2 Increased Physical Activity, Healthy Dieting and Mitochondrial Function 

Mitochondrial (mt) function increases when ATP is in high demand.  Increased 

physical activity has been shown to increase ATP production.  In a study by Hey-Mogensen 

et al., 10 weeks of aerobic training increased mt content, genes encoding mt OXPHOS 

proteins, respiration, and electron chain flux in skeletal muscle in both T2DM and non-

T2DM individuals, irrelevant to degree of insulin resistance [87].  In the same study, ROS 

production decreased in response to aerobic training, which is shown to increase in 

association with T2DM and obesity [87].  In a study by Toledo et al., participants underwent 

a behavioral weight loss program and moderate-intensity physical activity intervention for 

16-20 weeks [88].  Pre- and post-intervention measurements of skeletal muscle mt content 

and enzyme activity significantly increased [88].  These two studies support proposed 

theories that reduced mt function in skeletal muscle can be reversed by aerobic exercise, and 

this increase is a key factor to improving insulin sensitivity. 

 This chapter will discuss the effects of life-style modifications on systemic mt 

function in PBMCs.  In Chapter 1, we showed that, in PBMCs, differences in mt function 

could be observed in the presence or absence of T2DM, and that mt function correlate with 

age, fasting glucose levels, obesity measurements, and oxidative stress.  In this present study, 

a longitudinal analysis will be done to follow a study population over time before and after a 

diet and exercise intervention to evaluate changes in systemic mt function in PBMCs as 

individuals improve clinical and metabolic measurements.  It is hypothesized that life-style 

modifications can increase systemic mt function in PBMCs as a pathway to improving 

insulin sensitivity.  We predict that life-style modifications due to a diet and exercise 
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intervention can improve systemic mt function by increasing mtDNA levels and OXPHOS 

protein and activity levels, and decreasing mt 8-oxo-dG lesions.           

 

2.2 Methods 

2.2.1 Study Design and Population 

This is a multi-site, longitudinal study.  Participants for this study were recruited 

between June 2008 and October 2009.  This study population was recruited from Healthy 

Heart, Healthy Family, a culturally tailored diet and exercise intervention for the Filipino-

American community.  Individuals enrolled participated in a series of classes that were held 

once a week for a total of eight weeks.  These classes focused on healthy dieting, increasing 

physical activity, self-management skill building and stress management [56].  All 

individuals participating in this study signed a written consent approved by the Institutional 

Review Board of the University of Hawai’i.  Inclusion criteria were age ≥ 18 years, Filipino 

ethnic background, and willingness and ability to follow and commit to a weight loss 

intervention program once a week for 8 weeks.  Individuals who were pregnant, with diet and 

exercise restrictions, and with co-morbid conditions were excluded from this study.  Contact 

information, personal and family medical history, exercise levels and current medications 

were obtained from a self-reported survey. 
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2.2.2 Study Evaluations 

 Study evaluations in the previous cross-sectional study were also applied to this 

longitudinal study. See section 1.2.  Clinical, metabolic, and mt assessments were done upon 

entry into the intervention prior to beginning the 8-week course (baseline), 3 months post-

intervention, and 6 months post-intervention.  Statistical analyses describing demographics, 

clinical measurements, and metabolic and mt parameters were done using SigmaStat Version 

12.0 (SPSS, Inc., Chicago, IL).  Descriptive analyses were reported as medians and 

interquartile ranges.  Analysis comparing measurements from the three time-points was done 

using Kruskal-Wallis One Way Analysis of Variance (ANOVA) on Ranks, and Pairwise 

Multiple Comparison Procedures with Dunn’s Method.  Comparisons with p-values <0.2 

were further analyzed using MW Rank Sum Test.  Differences were considered significant if 

p-values were ≤ 0.05 when analyzing with ANOVA on Ranks and MW Rank Sum Test.  

Trends were considered at p-values ≤ 0.1 when analyzing with MW Rank Sum Test. 

 

2.3 Results 

2.3.1 Study Population and Demographics 

 Recruitment for this study occurred between June 2008 and October 2009.  A total of 

108 participants were consented and enrolled in this study.  Fasting blood was assessed from 

84 of the consented individuals.  At the end of the 6-month study period, retention rate was 

55%.  Metabolic and mt assessments were done on 84 individuals at baseline (prior to the 

intervention), 55 individuals at 3 months post-intervention, and 46 individuals 6 months post-

intervention.  Longitudinal population description, clinical measurements, and metabolic 
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parameters are reported in Table 6 as percentages or medians and inter-quartile ranges. 

Percentage of females was consistent throughout the study period, 77% at baseline and 3 

months post-intervention, and 78% 6 months post-intervention.  The portion of T2DM 

individuals was identical at baseline and 3 months post-intervention (21%), and increased to 

24% at 6 months post-intervention.  Percentage of individuals with hypertension increased 

from 37% at baseline to 38% at 3 months post-intervention, and again to 41% at 6 month 

post-intervention.  Obesity percentage (BMI ≥ 25 kg/m2, based on the World Health 

Organization’s recommended BMI cut-off points for Asian ethnic groups [60]) decreased 

from 54% at baseline to 46% at 3 and 6 months post-intervention.  

 

2.3.2 Clinical and Metabolic Changes Due to Diet and Exercise Intervention in Total 

Population   

Based on our clinical findings (reported in Table 6) of all individuals in this study, 

our study population was considered geriatric with a median of 65.0 (53.5,72.0) years at 

baseline, 64.5 (57.3,70.8) years at 3 months post-intervention, and 66.0 (57.8,72.0) years at 6 

months post-intervention. Improvements in clinical and metabolic measurements within the 

6-month study period were observed, however changes were not significant (p > 0.05) or 

were not trending (p > 0.10).  Blood pressure measurements throughout the study period 

were considered normal/pre-hypertensive [89].  Systolic blood pressure improved from 132.0 

(115.0,143.0) mmHg at baseline to 127.0 (120.0,145.0) mmHg at 6 months post-intervention.  

Weight measurements decreased from 58.9 (52.1,68.2) kg at baseline to 57.5 (51.8,67.8) kg 

at 6 months post-intervention.  Waist circumferences also decreased from 88.9 (81.3,97.8) 
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cm at baseline to 86.4 (78.7,92.7) cm at 6 months post-intervention, while  BMI 

measurements remained consistent at baseline (24.8 (22.2,27.3) kg/m2) and 3 months post-

intervention (24.8 (22.627.3) kg/m2), and decreased to 24.2 (22.1,26.3) kg/m2 at 6 months 

post-intervention.  

Minor improvements were seen in the metabolic profiles of the total study population 

as a result of the diet and exercise intervention, also reported in Table 6.  Fasting glucose 

levels decreased from 100.0 (92.3,113.0) mg/dl at baseline to 98.0 (89.0,118.8) mg/dl at 6 

months post-intervention.  These levels were considered high, but not at the level of 

hyperglycemia [90].  Fasting insulin decreased from 6.7 (4.7,10.9) µIU/mL at baseline to 6.5 

(5.0,10.8) µIU/ml at 6 months post-intervention.  However, these small improvements were 

neither significant nor trending.  
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Table 6.  Population description, clinical measurements, and metabolic parameters of study 
population over 6-month period.  Measurements and fasting metabolic indices were taken 
upon entry into intervention (Baseline), 3 months, and 6 months post-intervention.  Data are 
shown as medians and inter-quartile ranges. 

Variable 0 months (N = 84) 3 months (N = 52) 6 months (N = 46) 
Population 
Description: 

Gender: %Female 
% T2DM 

% Hypertensive 
% Obese 

 
 

77% 
21% 
37% 
54% 

 
 

77% 
21% 
38% 
46% 

 
 

78% 
24% 
41% 
46% 

Clinical 
Measurements: 

Age (years)  
SBP (mmHg) 
DBP (mmHg) 

Weight (kg) 
Waist (cm) 

BMI(kg/m2) 

 
 

65.0 
132.0 
71.0 
58.9 
88.9 
24.8 

 
 
(53.5,72.0) 
(115.0,143.0) 
(65.0,83.0) 
(52.1,68.2) 
(81.3,97.8) 
(22.2,27.3) 

 
 

64.5 
131.0 
74.0 
56.5 
87.6 
24.8 

 
 
(57.3,70.8) 
(120.0,141.0) 
(65.0,81.5) 
(52.4,68.6) 
(81.3,96.2) 
(22.6,27.3) 

 
 

66.0 
127.0 
73.5 
57.5 
86.4 
24.2 

 
 
(57.8,72.0) 
(120.0,145.0) 
(69.0,80.0) 
(51.8,67.8) 
(78.7,92.7) 
(22.1,26.3) 

Metabolic 
Parameters: 

Cholesterol (mg/dl) 
Glucose (mg/dl) 
Insulin (µIU/ml) 

HOMA-IR 

 
 

179.0 
100.0 

6.7 
1.72 

 
 
(161.8,207.8) 
(92.3,113.0) 
(4.7,10.9) 
(1.13,2.94) 

 
 

190.0 
99.0 
6.5 

1.60 

 
 
(164.0,213.0) 
(91.0,121.0)  

(4.9,9.8) 
(1.09,3.14) 

 
 
189.0 
98.0 
6.5 

1.81 

 
 
(162.8,217.8) 
(89.0,118.8) 
(5.0,10.8) 
(1.13,3.05) 
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2.3.3 Improvements in Mitochondrial Measurements Due to Diet and Exercise 

Intervention in Total Population 

 OXPHOS Complex I protein levels significantly increased from 102.68 

(83.22,129.81) OD/µg x 103 at baseline to 136.07 (110.44,145.47) OD/µg x 103 at 3 months 

post-intervention (p = <0.001, Rank Sum) (Figure 7).  No significant changes were seen 

between 3 months (136.07 (110.44,145.47) OD/µg x 103) and 6 months (128.55 

(104.49,155.45) OD/µg x 103) post-intervention.  An overall significant increase was 

observed between baseline (102.68 (83.22,129.81) OD/µg x 103) and 6 months post-

intervention (128.55 (104.49,155.45) OD/µg x 103) (p = 0.004, Rank Sum).  Differences in 

OXPHOS Complex I activity between baseline (94.48 (81.55,103.50) OD/µg x 103), 3 

months post-intervention (96.79 (81.18,113.16) OD/µg x 103), and 6 months post-

intervention (110.26 (101.80,114.66) OD/µg x 103) were not significant (p = 0.771, 

ANOVA) (Figure 8).   

OXPHOS Complex IV protein levels significantly increased from 96.79 

(80.99,113.74) OD/µg x 103 at 3 months post-intervention to 110.05 (96.80,115.35) OD/µg x 

103 at 6 months post-intervention (p = 0.016, Rank Sum) (Figure 9).  No significant changes 

in protein levels were seen between baseline (94.15 (79.31,103.31) OD/µg x 103) and 3 

months post-intervention (96.79 (80.99,113.74) OD/µg x 103).  Overall, Complex IV protein 

levels increased from 94.15 (79.31,103.31) OD/µg x 103 at baseline to 110.05 (96.80,115.35) 

OD/µg x 103 at 6 months post-intervention (p = <0.001, Rank Sum).  Similar changes were 

observed with OXPHOS Complex IV activity levels over the 6-month study period (Figure 

10).  Complex IV activity significantly increased from 98.20 (83.62,114.97) OD/µg x 103 at 3 
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months post-intervention to 118.82 (91.28,140.37) OD/µg x 103 at 6 months post-intervention 

(p = <0.001, Rank Sum).  No significant changes in activity levels between baseline (98.52 

(86.84,108.38) OD/µg x 103) and 3 months post-intervention (98.20 (83.62,114.97) OD/µg x 

103).  There was an overall significant increase in activity levels between baseline (98.52 

(86.84,108.38) OD/µg x 103) and 6 months post-intervention (118.82 (91.28,140.37) OD/µg 

x 103) (p = 0.003). 

 Mt 8-oxo-dG levels increased between baseline (0.14 (0.06,0.29) BF) and 3 months 

post-intervention (0.23 (0.07,0.34) BF) (p = 0.057, Rank Sum) (Figure 11).  From 3 months 

to 6 months post-intervention, 8-oxo-dG levels significantly decreased from 0.23 (0.07,0.34) 

BF at 3 months to 0.10 (0.04,0.19) BF 6 months (p = <0.001, Rank Sum).  An overall 

decrease was seen between baseline (0.14 (0.06,0.29) BF) and 6 months post-intervention 

(0.10 (0.04,0.19) BF) (p = 0.062, Rank Sum). 

 MtDNA levels significantly decreased from 158 (124,179) copies/cell at baseline to 

133 (117,152) copies/cell at 3 months post-intervention (p = 0.004, Rank Sum) (Figure 12).  

At 6 months post-intervention, mtDNA levels significantly increased from 133 (117,152) 

copies/cell at 3 months post-intervention to 167 (144,199) copies/cell (p = <0.001, Rank 

Sum).  Over all, mtDNA levels a significant increase was seen from 158 (124,179) 

copies/cell at baseline to 167 (144,199) copies/cell at 6 months post-intervention (p = 0.012, 

Rank Sum). 
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Figure 7.   OXPHOS Complex I Protein Increase 6 Months Post-Intervention in Total 
Population.  Total protein levels were measured using an immuno-capture assay upon entry into 
intervention (Baseline, N = 78), 3 months (N = 52) and 6 months (N = 46) post-intervention.  
Baseline: 102.68 (83.22,129.81) OD/µg x 103, 3 months: 136.07 (110.44,145.47) OD/µg x 103, 
6 months: 128.55 (104.49,155.45) OD/µg x 103.  Data are presented in box-whisker plots as 
medians, inter-quartile ranges, and upper/lower ranges.  p = <0.001, ANOVA; *p = <0.001, #p = 
0.004, Rank Sum. 
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Figure 8.  No Changes in OXPHOS Complex I Activity at 6 Months Post-Intervention in 
Total Population.  Protein activity levels were measured using an immuno-capture assay upon 
entry into intervention (Baseline, N = 78), 3 months (N = 52) and 6 months (N = 46) post-
intervention.  Baseline: 94.48 (81.55,103.50) OD/µg x 103, 3 months: 96.79 (81.18,113.16) 
OD/µg x 103, 6 months: 110.26 (101.80,114.66) OD/µg x 103.  Data are presented in box-
whisker plots as medians, inter-quartile ranges, and upper/lower ranges. p = 0.771, ANOVA 
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Figure 9.  OXPHOS Complex IV Protein Increase 6 Months Post-Intervention in Total 
Population.  Total protein levels were measured using an immuno-capture assay upon entry into 
intervention (Baseline, N = 78), 3 months (N = 52) and 6 months (N = 46) post-intervention.  
Baseline: 94.15 (79.31,103.31) OD/µg x 103, 3 months: 96.79 (80.99,113.74) OD/µg x 103, 6 
months: 110.05 (96.80,115.35) OD/µg x 103.  Data are presented in box-whisker plots as 
medians, inter-quartile ranges, and upper/lower ranges. p = <0.001, ANOVA; *p = 0.016, #p = 
<0.001, Rank Sum. 
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Figure 10.  OXPHOS Complex IV Activity Increase 6 Months Post-Intervention in Total 
Population.    Protein activity levels were measured using an immuno-capture assay upon entry 
into intervention (Baseline, N = 78), 3 months (N = 52) and 6 months (N = 46) post-intervention.  
Baseline: 98.52 (86.84,108.38) OD/µg x 103, 3 months: 98.20 (83.62,114.97) OD/µg x 103, 6 
months: 118.82 (91.28,140.37) OD/µg x 103.  Data are presented in box-whisker plots as 
medians, inter-quartile ranges, and upper/lower ranges. p = 0.002, ANOVA; *p = <0.001, #p = 
0.003, Rank Sum. 
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Figure 11.  Mt Oxidative Stress Levels Decrease 6 Months Post-Intervention in Total 
Population.  8-oxo-dG break frequency (BF) levels were measured using a gene-specific repair 
enzyme assay upon entry into intervention (Baseline, N = 84), 3 months (N = 52) and 6 months 
(N = 46) post-intervention.  Baseline: 0.14 (0.06,0.29) BF, 3 months: 0.23 (0.07,0.34) BF, 6 
months: 0.10 (0.04,0.19) BF.  Data are presented in box-whisker plots as medians, inter-quartile 
ranges, and upper/lower ranges. p = 0.011, ANOVA; @p = 0.057, *p = <0.001, #p = 0.062, Rank 
Sum. 
 

 
 

 
 

@	   @	  
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Figure 12.  MtDNA Levels Increase 6 Months Post-Intervention in Total Population.  
MtDNA copies/cell were measured using Real-Time PCR upon entry into intervention (Baseline, 
N = 84), 3 months (N = 52) and 6 months (N = 46) post-intervention.  Baseline: 158 (124,179) 
copies/cell, 3 months: 133 (117,152) copies/cell, 6 months: 167 (144,199) copies/cell.  Data are 
presented in box-whisker plots as medians, inter-quartile ranges, and upper/lower ranges. p = 
<0.001, ANOVA; * p = 0.004, #p = <0.001, @p = 0.012, Rank Sum. 
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2.3.4 Clinical and Metabolic Changes Due to a Diet and Exercise Intervention in 

Individuals with Type 2 Diabetes  

 Nineteen individuals who enrolled into the study were self-reported to have T2DM. 

At the end of the 6-month study period, retention rate for this sub-population was 58%.  

Metabolic and mt assessments were done on 19 T2DM individuals at baseline (prior to the 

intervention), 10 at 3 months post-intervention, and 11 at 6 months post-intervention.  

Longitudinal population description, clinical measurements, and metabolic parameters of 

T2DM individuals are reported in Table 7 as percentages or medians and inter-quartile 

ranges. The percentage of females was consistent at baseline and 3 months post-intervention 

(79%) and slightly increased to 82% at 6 months post-intervention.  The portion of T2DM 

individuals with hypertension is higher compared to the total study population (Table 5) and 

non-T2DM sub-population (Table 8).  Percentage of T2DM individuals with hypertension 

increased from 58% at baseline to 64% at 3 months post-intervention, and remained at 64% 

at 6 months post-intervention.  Obesity percentage (BMI ≥ 25 kg/m2) in T2DM individuals 

increased from 47% at baseline to 64% at 3 months post-intervention, and again to 73% at 6 

months post-intervention. 

Similar to the total study population, the range of age of the T2DM sub-population 

was considered to be geriatric, and slightly older than the non-T2DM sub-population (Table 

7).  At baseline, median age was 65.0 (60.5,71.3) years, and slightly increased to 68.0 

(59.3,72.0) years at 3 months post-intervention, and remained at 68.0 (60.0,72.0) years at 6 

months post-intervention. Improvements in some clinical and metabolic measurements 

within the 6-month study period were observed within the T2DM sub-population, however 
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changes were neither significant nor trending.  Systolic blood pressure was 137.5 

(116.0,160.3) mmHg at baseline and improved to 135.0 (130.0,150.0) mmHg at 6 months 

post-intervention.  Fasting cholesterol measurements decreased from 178.0 (161.0,208.0) at 

baseline to 171.0 (145.0,201.0) mmHg at 6 months post-intervention.  

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 



66 

Table 7.  Description, clinical measurements, and metabolic parameters of sub-population 
with T2DM over the 6-month study period.  Measurements and fasting metabolic indices 
were taken upon entry into intervention (Baseline), 3 months, and 6 months post-
intervention.  Data are shown as medians and inter-quartile ranges. 

Variable Baseline (n = 19) 3-months (n = 10) 6-months (n = 11) 
Population 
Description: 

% Female 
% Hypertensive 

% Obese 

 
 

79% 
58% 
47% 

 
 

79% 
64% 
64% 

 
 

82% 
64% 
73% 

Clinical 
Measurements: 

Age (years) 
SBP (mmHg)  
DBP (mmHg)  

Weight (kg) 
Waist (cm)  

BMI (kg/m2) 

 
 

65.0 
137.5 
66.0 
60.2 
84.5 
24.9 

 
 
(60.5,71.3) 
(116.0,160.3) 
(60.0,78.0) 
(47.3,66.0) 
(83.8,97.8) 
(21.0,26.4) 

 
 

68.0 
140.5 
72.0 
53.9 
88.6 
25.7 

 
 
(59.3,72.0) 
(127.8,153.5) 
(68.0,77.0) 
(46.6,69.0) 
(79.4,95.6) 
(22.4,27.8) 

 
 

68.0 
135.0 
77.0 
65.9 
90.2 
25.7 

 
 
(60.0,72.0) 
(130.0,150.0) 
(70.0,80.0) 
(53.6,67.8) 
(78.7,95.3) 
(25.1,27.1) 

Metabolic 
Measurements: 
Cholesterol(mg/dL)   

Glucose (mg/dL)  
Insulin (µIU/mL) 

HOMA-IR 

 
 
178.0 
121.0 

6.6 
1.96 

 
 
(161.0,208.0) 
(110.0,140.0) 
(5.1,14.0) 
(1.56,4.67) 

 
 
196.0 
126.0 

9.8 
3.20 

 
 
(152.5,205.0) 
(107.0,141.0) 
(5.6,13.3) 
(1.67,4.36) 

 
 
171.0 
125.0 
10.2 
3.30 

 
 
(145.0,201.0) 
(95.0,130.0) 
(5.8,18.8) 
(1.67,6.68) 
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2.3.5 Improvements in Mitochondrial Measurements Due to Diet and Exercise 

Intervention in Individuals with Type 2 Diabetes 

 OXPHOS Complex I protein levels increased between baseline (90.84 (80.55,119.09) 

OD/µg x 103) and 3 months post-intervention (133.46 (90.76,143.78) OD/µg x 103) (p = 

0.055, Rank Sum) (Figure 13).  Overall, Complex I protein levels significantly increased 

from 90.84 (80.55,119.09) OD/µg x 103 at baseline to 130.12 (99.78,156.61) OD/µg x 103at 6 

months post-intervention (p = 0.009, Rank Sum).  No significant changes were seen between 

3 months post-intervention (133.46 (90.76,143.78) OD/µg x 103) to 6 months post-

intervention (130.12 (99.78,156.61) OD/µg x 103).  Significant differences were not observed 

in OXPHOS Complex I activity between baseline (134.25 (80.46,157.53) OD/µg x 103), 3 

months post-intervention (115.40 (98.28,124.15) OD/µg x 103), and 6 months post-

intervention (120.07 (107.16,159.27) OD/µg x 103) (p = 0.177, ANOVA) (Figure 14).   

OXPHOS Complex IV protein levels significantly increased from 97.53 

(77.78,104.11) OD/µg x 103 at baseline to 111.67 (106.13,125.83) OD/µg x 103at 6 months 

post-intervention (p = 0.005, Rank Sum) (Figure 15).  No significant changes in protein 

levels were seen between baseline (97.53 (77.78,104.11) OD/µg x 103) to 3 months post-

intervention (95.74 (74.49,114.03) OD/µg x 103) and 3 months (95.74 (74.49,114.03) OD/µg 

x 103) to 6 months post-intervention (111.67 (106.13,125.83) OD/µg x 103).  In Complex IV 

activity, a significant increase was observed from 93.21 (72.37,105.91) OD/µg x 103 at 3 

months post-intervention to 118.82 (90.11,143.61) OD/µg x 103 at 6 months post-intervention 

(Figure 16).  Complex IV activity did not significantly change between baseline (101.34 

(90.96,129.39) OD/µg x 103) and 3 months post-intervention (93.21 (72.37,105.91) OD/µg x 
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103), and between baseline (101.34 (90.96,129.39) OD/µg x 103) and 6 months post-

intervention (118.82 (90.11,143.61) OD/µg x 103).   

Mt 8-oxo-dG levels decreased from 0.25 (0.08,0.47) BF at 3 months post-intervention 

to 0.12 (0.07,0.22) BF at 6 months post-intervention (p = 0.072, Rank Sum) (Figure 17).  No 

significant changes were observed between baseline (0.17 (0.06,0.31) BF) and 3 months post-

intervention (0.25 (0.08,0.47) BF, and between baseline (0.17 (0.06,0.31) BF) and 6 months 

post-intervention (0.12 (0.07,0.22) BF). 

MtDNA levels increased from 145 (112,168) copies/cell at 3 months post-intervention 

to 164 (142,199) copies/cell at 6 months post-intervention (p = 0.098, Rank Sum) (Figure 18).    

An overall increase in mtDNA copies/cell was observed between baseline (139 (110,165) 

copies/cell) and 6 months post-intervention (164 (142,199) copies/cell) (p = 0.043, Rank Sum).  

No significant changes were seen between baseline (139 (110,165) copies/cell) and 3 months 

post-intervention (164 (142,199) copies/cell). 
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Figure 13.   OXPHOS Complex I Protein Levels Increase 6 Months Post-Intervention in 
T2DM Sub-Population.  Total protein levels were measured using an immuno-capture assay 
upon entry into intervention (Baseline, n = 15), 3 months (n = 11) and 6 months (n = 10) post-
intervention.  Baseline: 90.84 (80.55,119.09) OD/µg x 103, 3 months: 133.46 (90.76,143.78) 
OD/µg x 103, 6 months: 130.12 (99.78,156.61) OD/µg x 103.  Data are presented in box-
whisker plots as medians, inter-quartile ranges, and upper/lower ranges. p = 0.033, ANOVA; #p 
= 0.055, *p = 0.009, Rank Sum. 
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Figure 14.  No Significant Changes in OXPHOS Complex I Activity Levels 6 Months Post-
Intervention in T2DM Sub-Population.  Protein activity levels were measured using an 
immuno-capture assay upon entry into intervention (Baseline, n = 15), 3 months (n = 11) and 6 
months (n = 11) post-intervention.  Baseline: 134.25 (80.46,157.53) OD/µg x 103, 3 months: 
115.40 (98.28,124.15) OD/µg x 103, 6 months: 120.07 (107.16,159.27) OD/µg x 103.  Data 
are presented in box-whisker plots as medians, inter-quartile ranges, and upper/lower ranges. p = 
0.177, ANOVA. 
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Figure 15.   OXPHOS Complex IV Protein Levels Increase 6 Months Post-Intervention in 
T2DM Sub-Population.  Total protein levels were measured using an immuno-capture assay 
upon entry into intervention (Baseline, n = 14), 3 months (n = 11) and 6 months (n = 10) post-
intervention.  Baseline: 97.53 (77.78,104.11) OD/µg x 103, 3 months: 95.74 (74.49,114.03) 
OD/µg x 103, 6 months: 111.67 (106.13,125.83) OD/µg x 103.  Data are presented in box-
whisker plots as medians, inter-quartile ranges, and upper/lower ranges. p = 0.034, ANOVA; *p 
= 0.005, Rank Sum. 
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Figure 16.  OXPHOS Complex IV Activity Levels Increase 6 Months Post-Intervention in 
T2DM Sub-Population.  Protein activity levels were measured using an immuno-capture assay 
upon entry into intervention (Baseline, n = 14), 3 months (n = 11) and 6 months (n = 11) post-
intervention.  Baseline: 101.34 (90.96,129.39) OD/µg x 103, 3 months: 93.21 (72.37,105.91) 
OD/µg x 103, 6 months: 118.82 (90.11,143.61) OD/µg x 103.  Data are presented in box-
whisker plots as medians, inter-quartile ranges, and upper/lower ranges. p = 0.100, ANOVA; *p 
= 0.042, Rank Sum. 
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Figure 17.  Mt Oxidative Stress Levels Decrease 6 Months Post-Intervention in T2DM Sub-
Population.  8-oxo-dG break frequency (BF) levels were measured using a gene-specific repair 
enzyme assay upon entry into intervention (Baseline, n = 18), 3 months (n = 11) and 6 months (n 
= 10) post-intervention.  0 months: 0.17 (0.06,0.31) BF, 3 months: 0.25 (0.08,0.47) BF, 6 
months: 0.12 (0.07,0.22) BF.  Data are presented in box-whisker plots as medians, inter-quartile 
ranges, and upper/lower ranges. p = 0.195, ANOVA; *p = 0.072, Rank Sum. 
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Figure 18.  MtDNA Levels Increase 6 Months Post-Intervention in T2DM Sub-Population.  
MtDNA copies/cell were measured using Real-Time PCR upon entry into intervention (Baseline, 
n = 19), 3 months (n = 10) and 6 months (n = 11) post-intervention.  Baseline: 139 (110,165) 
copies/cell, 3 months: 145 (112,168) copies/cell, 6 months: 164(142,199) copies/cell.  Data are 
presented in box-whisker plots as medians, inter-quartile ranges, and upper/lower ranges. p = 
0.093, ANOVA; *p = 0.098, #p = 0.043, Rank Sum. 
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2.3.6 Changes in Clinical and Metabolic Measurements Due to Diet and Exercise 

Intervention in Individuals without Type 2 Diabetes  

 Sixty-five individuals who enrolled into the study were self-reported to not have 

T2DM. At the end of the 6-month study period, the retention rate for the non-T2DM sub-

population was 54%.  Metabolic and mt assessments were done on 65 non-T2DM individuals 

at baseline (prior to the intervention), 41 at 3 months post-intervention, and 35 at 6 months 

post-intervention.  Longitudinal population description, clinical measurements, and 

metabolic parameters of non-T2DM individuals are reported in Table 8 as percentages or 

medians and inter-quartile ranges. Percentage of females decreased from 83% at baseline to 

77% at 6 month post-intervention.  The portion of non-T2DM individuals with hypertension 

is similar compared to the total study population (Table 6).  Percentage of non-T2DM 

individuals with hypertension was decreased from 33% at baseline to 29% at 3 months post-

intervention, and remained at 29% at 6 months post-intervention.  Obesity percentage (BMI 

≥ 25 kg/m2) in non-T2DM individuals was consistent at 46% at baseline to 3 months post-

intervention, and decreased to 37% at 6 months post-intervention. 

Similar to the total study population, the range of age of the T2DM sub-population 

was considered to be geriatric, and is slightly younger compared to the T2DM sub-population 

(Table 6).  Median age was consistent between baseline (64.0 (48.8,72.0) years) and at 3 

months post-intervention (64.0 (54.3,70.0) years), and slightly increased at 6 months post-

intervention (65.0 (55.8,72.8) years). Improvements in some clinical measurements within 

the 6-month study period were observed within the non-T2DM sub-population, however 

changes were neither significant nor trending.  Systolic blood pressure was 132.0 

(115.0,143.0) mmHg at baseline and improved to 127.0 (120.0,145.0) mmHg at 6 months 
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post-intervention.  Weight measurements slightly decreased from 57.7 (52.6,68.6) kg at 

baseline to 57.4 (51.7,67.7) kg at 6 months post-intervention.  Waist circumference 

measurements also decreased from 89.5 (81.3,97.8) cm at baseline to 86.4 (78.7,91.4) cm at 6 

months post-intervention.  Overall BMI measurements decreased from 24.7 (22.5,27.4) 

kg/m2 at baseline to 23.8 (22.1,25.6) kg/m2 at 6 months post-intervention.   

Minor improvements were seen in metabolic measurements at 6 months post-

intervention.  Fasting glucose levels decreased from 98.0 (89.0,106.0) mg/dl at baseline to 

97.0 (88.0,104.0) mg/dl at 6 months post-intervention.  Fasting insulin levels slightly 

decreased from 6.7 (4.5,9.4) µIU/ml at baseline to 6.3 (4.3,9.9) µIU/ml at 6 months post-

intervention.  Lastly, HOMA-IR levels slightly improved from 1.66 (1.02,2.81) at baseline to 

1.65 (1.05,2.40).   
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Table 8.  Population description, clinical measurements, and metabolic parameters of sub-
population of non-T2DM over the 6-month study period.  Measurements and fasting 
metabolic indices were taken upon entry into intervention (Baseline), 3 months, and 6 
months post-intervention.  Data are shown as medians and inter-quartile ranges. 

Variable Baseline (n = 65) 3-months (n = 41) 6-months (n = 35) 
Population 
Description: 

% Female 
% Hypertensive 

% Obese 

 
 

83% 
33% 
46% 

 
 

78% 
29% 
46% 

 
 

77% 
29% 
37% 

Clinical 
Measurements: 

Age (years) 
SBP (mmHg)  
DBP (mmHg)  

Weight (kg) 
Waist (cm)  

BMI (kg/m2) 

 
 

64.0 
132.0 
72.0 
57.7 
89.5 
24.7 

 
 
(48.8,72.0) 
(115.0,143.0) 
(66.0,84.0) 
(52.6,68.6) 
(81.3,97.8) 
(22.5,27.4) 

 
 

64.0 
131.0 
74.0 
58.1 
87.6 
24.8 

 
 
(54.3,70.0) 
(120.0,141.0) 
(65.0,82.0) 
(52.7,68.1) 
(81.3,97.2) 
(22.4,27.4) 

 
 

65.0 
127.0 
73.0 
57.4 
86.4 
23.8 

 
 
(55.8,72.8) 
(120.0,145.0) 
(69.0,80.0) 
(51.7,67.7) 
(78.7,91.4) 
(22.1,25.6) 

Metabolic 
Measurements: 
Cholesterol(mg/dL)   

Glucose (mg/dL)  
Insulin (µIU/mL) 

HOMA-IR 

 
 
180.0 
98.0 
6.7 

1.66 

 
 
(162.5,205.5) 
(89.0,106.0) 
(4.5,9.4) 
(1.02,2.81) 

 
 
192.0 
97.0 
6.3 

1.59 

 
 
(164.3,223.5) 
(90.3,108.8) 
(4.3,9.7) 
(1.08,2.37) 

 
 
190.0 
97.0 
6.3 

1.65 

 
 
(166.0,235.0) 
(88.0,104.0) 
(4.3,9.9) 
(1.05,2.40) 
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2.3.7 Improvements in Mitochondrial Measurements Due to Diet and Exercise 

Intervention in Individuals without Type 2 Diabetes 

 OXPHOS Complex I protein levels significantly increased from 90.84 (80.55,119.09) 

OD/µg x 103 at baseline to 137.77 (114.01,147.14) OD/µg x 103 at 3 months post-intervention 

(p = <0.001, Rank Sum) (Figure 19), then significantly decreased at 6 months post-

intervention (124.86 (102.11,134.75) OD/µg x 103) (p = 0.035, Rank Sum).  An overall 

significant increase in Complex I protein was seen between baseline (104.49 (84.01,132.85) 

OD/µg x 103) and 6 months post-intervention (124.86 (102.11,134.75) OD/µg x 103) (p = 

0.043, Rank Sum).  No significant differences were observed with OXPHOS Complex I 

activity between baseline (118.00 (87.47,140.54) OD/µg x 103), 3 months post-intervention 

(122.55 (97.71,131.45) OD/µg x 103), and 6 months post-intervention (111.74 (96.22,136.10) 

OD/µg x 103) (p = 0.751, ANOVA) (Figure 20).   

OXPHOS Complex IV protein levels increased between 3 months post-intervention 

(97.84 (85.56,113.77) OD/µg x 103) and 6 months post-intervention (109.87 (96.51,114.02) 

OD/µg x 103) (p = 0.078, Rank Sum) (Figure 21).  Overall, Complex IV protein levels 

significantly increased from 94.05 (81.63,103.87) OD/µg x 103 at baseline to 109.87 

(96.51,114.02) OD/µg x 103 at 6 months post-intervention (p = <0.001, Rank Sum).  No 

significant changes in protein levels were seen between baseline (94.05 (81.63,103.87) OD/µg 

x 103) to 3 months post-intervention (97.84 (85.56,113.77) OD/µg x 103).  OXPHOS 

Complex IV activity levels significantly increased from 3 months post-intervention (101.40 

(85.87,115.93) OD/µg x 103) to 6 months post-intervention (119.39 (91.36,139.83) OD/µg x 

103) (p = 0.007, Rank Sum) (Figure 22).  An overall increase in Complex IV activity was 

observed between baseline (97.60 (86.19,107.79) OD/µg x 103) and 6 months post-
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intervention (119.39 (91.36,139.83) OD/µg x 103) (p = 0.003, Rank Sum).  No significant 

changes were seen between baseline (97.60 (86.19,107.79) OD/µg x 103) to 3 months post-

intervention (101.40 (85.87,115.93) OD/µg x 103).   

Mt 8-oxo-dG levels between significantly decreased from 0.20 (0.06,0.30) BF at 3 

months post-intervention to 0.09 (0.03,0.122) BF at 6 months post-intervention (p = 0.002, 

Rank Sum) (Figure 23).  Overall mt 8-oxo-dG levels decreased between baseline (0.11 

(0.05,0.26) BF) and 6 months post-intervention (0.09 (0.03,0.122) BF) (p =0.066, Rank 

Sum). 

MtDNA levels significantly decreased from 164 (126,186) copies/cell at baseline to 132 

(115,152) copies/cell at 3 months post-intervention (p = 0.001, Rank Sum), then increased from 

132 (115,152) copies/cell at 3 months post-intervention to 168 (143,200) copies/cell at 6 months 

post-intervention (p = <0.001, Rank Sum) (Figure 25).  An overall increase in mtDNA levels was 

observed between baseline (164 (126,186) copies/cell) to 6 months post-intervention (168 

(143,200) copies/cell) (p = 0.081, Rank Sum). 
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Figure 19.   OXPHOS Complex I Protein Levels Increase 6 Months Post-Intervention in 
non-T2DM Sub-Population.  Total protein levels were measured using an immuno-capture 
assay upon entry into intervention (Baseline, n = 63), 3 months (n = 40) and 6 months (n = 30) 
post-intervention.  Baseline: 104.49 (84.01,132.85) OD/µg x 103, 3 months: 137.77 
(114.01,147.14) OD/µg x 103, 6 months: 124.86 (102.11,134.75) OD/µg x 103.  Data are 
presented in box-whisker plots as medians, inter-quartile ranges, and upper/lower ranges. p = 
<0.001, ANOVA; *p = <0.001, #p = 0.035, @p = 0.043, Rank Sum. 
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Figure 20.  No Significant Changes in OXPHOS Complex I Activity Levels 6 months Post-
Intervention in non-T2DM Sub-Population.  Protein activity levels were measured using an 
immuno-capture assay upon entry into intervention (Baseline, n = 63), 3 months (n = 39) and 6 
months (n = 34) post-intervention.  Baseline: 118.00 (87.47,140.54) OD/µg x 103, 3 months: 
122.55 (97.71,131.45) OD/µg x 103, 6 months: 111.74 (96.22,136.10) OD/µg x 103.  Data are 
presented in box-whisker plots as medians, inter-quartile ranges, and upper/lower ranges. p = 
0.751, ANOVA. 
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Figure 21.   OXPHOS Complex IV Protein Levels Increase 6 Months Post-Intervention in 
non-T2DM Sub-Population.    Total protein levels were measured using an immuno-capture 
assay upon entry into intervention (Baseline, n = 61), 3 months (n = 41) and 6 months (n = 32) 
post-intervention.  Baseline: 94.05 (81.63,103.87) OD/µg x 103, 3 months: 97.84 
(85.56,113.77) OD/µg x 103, 6 months: 109.87 (96.51,114.02) OD/µg x 103.  Data are 
presented in box-whisker plots as medians, inter-quartile ranges, and upper/lower ranges. p = 
<0.001, ANOVA; *p = 0.078, #p = <0.001, Rank Sum. 
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Figure 22.   OXPHOS Complex IV Activity Levels Increase 6 Months Post-Intervention in 
non-T2DM Sub-Population.  Total protein levels were measured using an immuno-capture 
assay upon entry into intervention (Baseline, n = 61), 3 months (n = 41) and 6 months (n = 34) 
post-intervention.  Baseline: 97.60 (86.19,107.79) OD/µg x 103, 3 months: 101.40 
(85.87,115.93) OD/µg x 103, 6 months: 119.39 (91.36,139.83) OD/µg x 103.  Data are 
presented in box-whisker plots as medians, inter-quartile ranges, and upper/lower ranges. p = 
0.004, ANOVA; *p = 0.007, #p = 0.003, Rank Sum. 
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Figure 23.  Mt Oxidative Stress Levels Decrease 6 Months Post-Intervention in non-T2DM 
Sub-Population.  8-oxo-dG break frequency (BF) levels were measured using a gene-specific 
repair enzyme assay upon entry into intervention (Baseline, n = 62), 3 months (n = 39) and 6 
months (n = 34) post-intervention.  0 months: 0.11 (0.05,0.26) BF, 3 months: 0.20 (0.06,0.30) 
BF, 6 months: 0.09 (0.03,0.122) BF.  Data are presented in box-whisker plots as medians, inter-
quartile ranges, and upper/lower ranges. p = 0.01, ANOVA; *p = 0.002, #p = 0.066, Rank Sum. 
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Figure 24.  MtDNA Levels Increase 6 Months Post-Intervention in non-T2DM Sub-
Population.  MtDNA copies/cell were measured using Real-Time PCR upon entry into 
intervention (Baseline, n = 64), 3 months (n = 39) and 6 months (n = 35) post-intervention.  
Baseline: 164 (126,186) copies/cell, 3 months: 132 (115,152) copies/cell, 6 months: 168 
(143,200) copies/cell.  Data are presented in box-whisker plots as medians, inter-quartile ranges, 
and upper/lower ranges. p = <0.001, ANOVA; * p = 0.001, #p = <0.001, @p = 0.081, Rank Sum. 
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2.4 Discussion 

2.4.1 Increases in Mitochondrial Function Associated with Life-Style Modifications  

In this present study, we investigated the effects of increased physical activity and 

healthy dieting on mt function in the blood, using PBMCs.  In our comprehensive 

examination, it was shown that in the absence of significant improvements in clinical and 

metabolic measurements of the total study population (Table 6) and the T2DM (Table 7) and 

non-T2DM (Table 8) sub-populations throughout the 6-month study period, increases in 

systemic mt function and decreases in oxidative stress levels were observed.  In the analysis 

of the total study population, OXPHOS Complex I total protein, and OXPHOS Complex IV 

total protein quantity and activity, decreased oxidative stress (8-oxo-dG levels), and increases 

in mtDNA levels were seen (Figures 7, 9-12).  Similar changes were shown in the non-

T2DM sub-population (Figures 17-18, 20-22).  No significant changes were observed in 

OXPHOS Complex I protein activity in the total study population (Figure 8) and in the non-

T2DM sub-population (Figure 20).  In the T2DM sub-population, overall significant 

increases were seen in OXPHOS Complex I, Complex IV protein levels, and mtDNA levels 

(Figures 13, 15, and 18).  OXPHOS Complex IV activity significantly increased and 8-oxo-

dG levels decreased only between 3 months and 6 months post-intervention.  Our findings 

were consistent with a previous longitudinal study done by Short et al. [91], in which 90 

previously sedentary individuals (ages 20-70 years) participated in a 4-month exercise 

intervention.  At the end of the 4-month study period, mt capacity in skeletal muscle 

improved with exercise training regardless of age.  This increase in mt oxidative capacity 

positively correlated with OXPHOS gene expression levels.   
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2.4.2 Decreased Oxidative Stress Associated with Increased Mitochondrial Function 

 In our longitudinal study, regardless of T2DM status, we observed an increase in 

systemic mt function that was accompanied by significant decreases in oxidative stress levels 

(Figures 11 and 22).   In a study by Takamura et al., PBMCs from 18 T2DM individuals 

were collected for a longitudinal study [55].  Participants were treated with diet therapy 

alone, oral hypoglycemic agents, or insulin for approximately 328 days.  At the end of this 

study, gene expression levels of the c-Jun N-terminal kinase pathway (JNK, regulates a 

variety of cellular signaling cascades; in this study, it served as a surrogate transcriptional 

marker for hyperglycemia-induced oxidative stress) and OXPHOS proteins measured to 

compare between pre- and post-intervention.  Microarray analysis showed that gene 

expression levels of the JNK pathway were significantly decreased, indicating that glycemic 

control decreases oxidative stress.  However, genes involved in OXPHOS did not 

significantly improve, which is in contrast to our study.  In our investigation, we observed 

increases in OXPHOS Complex I protein and Complex IV protein and activity and decreases 

in oxidative stress in PBMCs of our total study population and when our participants were 

stratified by T2DM status.  This data suggests that there may be post-transcriptional, 

translational and other OXPHOS enzyme related factors that effect protein and activity 

levels. 

Previous investigations have shown a strong association between T2DM and mt 

dysfunction, and data suggests reduction in mt function as an emerging factor in the 

pathogenesis of obesity and T2DM [9, 46, 47, 54, 88, 92].  Few studies investigated whether 

improvements in diet and increases in exercise levels can improve systemic mt function, 

which will eventually lead to insulin sensitivity in the presence or absence of T2DM and/or 
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obesity.  Our study is the first to show that systemic mt function in PBMCs can be improved 

through diet and exercise regardless of T2DM and obesity status.  Although our participants 

did not show significant improvements in clinical and metabolic measurements, increases in 

OXPHOS Complex I and IV protein quantity, OXPHOS Complex IV protein activity, and 

mtDNA levels, accompanied by decreases in oxidative stress levels were observed.     

 

2.4.3 Conclusions, Limitations, and Future Studies 

 In our investigation, we faced several limitations.  Our retention rate was 55%.  

Participation in Healthy Heart, Healthy Family was an important factor in our study, and the 

intervention was culturally tailored for the Filipino population while working around the 

convenience of the participants.  In order to improve participation in the Healthy Heart, 

Healthy Family program, recruitment and classes were held at church social events.  Through 

this method we were able to recruit families and provide companionship throughout the study 

period, however reinforcing healthy dieting at these social events was a challenge for the 

instructors of the program.  

Additionally, our participants were considered geriatric, which made improving 

clinical and metabolic measurements difficult.  Based on self-reported surveys, the majority 

of our participants lived sedentary life-styles with small amounts of exercise (<30 minutes a 

day).  Increasing physical activity was a major challenge for our elderly population, which 

reflected in only slight improvements in clinical and metabolic measurements throughout the 

study period.  Previous studies, including our cross-sectional analysis of our baseline pre-

intervention data, have shown that mtDNA levels and function decreases with age [93].  

Insulin sensitivity is also decreased with age, regardless of T2DM and obesity status [94].  In 
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our study, systemic mt function significantly improved, although significant improvements in 

HOMA-IR levels were not observed.  A similar finding was observed in mt function of 

skeletal muscle.  In a study by Short et al. [91], muscle mt function was examined in 102 

individuals consisting of men and women of a wide age-range (21-87 years) with sedentary 

life-styles who underwent 16 weeks of increased monitored aerobic exercise training or an 

unmonitored alternative exercise program, both designed to control and maintain weight.  

Whole body insulin sensitivity and mt function in skeletal muscle biopsies were measured 

before and after the 16-week study period.  Mt function was significantly improved in the 

entire study population.  Insulin sensitivity was improved in the younger sub-population (21-

39 years), but not improved in the middle (40-59 years) and older (60-87 years) age groups.  

Therefore, in order to understand the role of systemic mt function in PBMCs in the 

improvement of insulin sensitivity, longitudinal studies should include a younger-aged 

population.  Furthermore, because age is associated with increased risk of insulin resistance, 

a younger age group is needed to evaluate systemic mt function in PBMCs.   

Future directions for this study include evaluating gene expression levels of proteins 

involved in proper systemic mt function and how levels are affected by life-style 

modifications.  OXPHOS proteins are encoded both in the nuclear and mt genome [33].  In 

order to understand the complexity of the mitochondria’s involvement in insulin sensitivity, 

it is important to investigate the expression levels of OXPHOS proteins at the mt level and at 

the nuclear level, as well as how they are regulated, i.e. the Nrf pathway [95].  In addition to 

our comprehensive study, total respiration or oxygen consumptions rates are important 

measurements at the cellular level and are indicative of energy homeostasis.  Previous studies 

have shown a decrease in oxygen consumption rates in PBMCs of individuals with T2DM 
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[96], however there are no investigations have been done to evaluate whether improvements 

in systemic mt function will lead to increased cellular respiration in PBMCs.   

Future investigations are needed to understand the role of systemic mt function in the 

pathogenesis of T2DM and obesity, and its role in improving insulin sensitivity in the 

treatment of T2DM and obesity.  In Chapter 1, we showed that differences in systemic mt 

function, associated with the T2DM and obesity, could be studied in PBMCs.  In Chapter 2, 

it was shown that improvements in systemic mt function of PBMCs are correlated with life-

style modifications, regardless of T2DM and obesity status.  Our data supports that systemic 

mt dysfunction is a key factor in understanding the pathogenesis of T2DM and obesity, and 

that the reversal of mt dysfunction may be important in understanding the effects of life-style 

modifications on improving the well being of those diagnosed or have a high risk for T2DM.   
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