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Abstract 

 

 

Type 2 Diabetes Mellitus  (T2DM), a metabolic disorder denoted by elevated blood 

glucose levels and insufficient insulin action, is  growing in prevalence worldwide .  

Barriers to improving disease outcome  resolve primarily around identifying and 

intervening during the preliminary stages of insulin resistance,  a state clinically referred 

to as pre-diabetes.    Emerging evidence suggests that mitochondrial dysfunction may 

underlie , and potentially precede, progressive insulin resistance, suggesting that 

biomarkers indicative of  mitochondrial dysfunction could predict disease risk and status. 

In this study, we examined epigenetic modifications, in the form of DNA methylation, in 

the promoter region of peroxisome proliferator activated receptor gamma coactivator 1 

alpha (PGC-1Ŭ), a known regulator of mitochondrial biogenesis.  Following the initiation 

of a high fat diet, we observed significant genotypic (DNA methylation) and phenotypic 

(mitochondrial copy number)  alterations in C57/BL6 rodent models. These changes 

preceded overt disease onset, as classified by clinically utilized indices, which included 

the homeostatic model assessment for insulin resistance (HOMA-IR), the homeostatic 

model assessment for ɓ-cell dysfunction (HOMA- ɓ), and the quantitative insulin-

sensitivity check index (QUICKI). Our data indicate that methylation analysis may serve 

as an effective clinical parameter to use in conjunction with physiological criterion for 

the diagnosis of pre-diabetes and the assessment of T2DM disease risk, and adds to the 



 

growing body of work seeking to elucidate the role of the mitochondria in the 

manifestations of  insulin resistance
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General Audience Abstract 

 

High blood glucose, referred to as type 2 diabetes (T2DM), increases the risk for heart 

and kidney disease, blindness, stroke, and death. Efforts to prevent T2DM have centered 

primarily around behavioral interventions, which include increased physical activity and 

decreased caloric intake. Importantly, the interventions are most effective when 

implemented early on in disease progression. In this study, we sought to examine the 

effects of a high fat diet on the epigenetic profile of PGC-1Ŭ, a gene responsible for 

maintaining mitochondrial biogenesis. The mitochondria, the powerhouse of the cell, is 

responsible for maintaining the energy systems in the body. Therefore, we examined how 

increasing in caloric intake resulted in changes in the epigenetic profile of the PGC-1Ŭ 

promoter, and how these changes impacted mitochondrial number. Further, we sought to 

examine how hypermethylation of PGC-1Ŭ led to changes in gene and protein expression 

in the mitochondria. Results from our study indicate that DNA methylation changes 

preceded disease onset, as characterized by the homeostatic model assessment for insulin 

resistance (HOMA-IR), the homeostatic model assessment for ɓ-cell dysfunction 

(HOMA- ɓ), and the quantitative insulin-sensitivity check index (QUICKI). Our data 

indicate that methylation analysis may serve as diagnostic and risk assessment tool for 

pre-diabetes and T2DM in conjunction with physiological measures.  
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Chapter 1: Review of the Literature 

1.1 Introduction  

Type 2 diabetes mellitus (T2DM) is one of the most pressing health issues in the United States, as 

nearly 9.4% of the population has been diagnosed with the disease(1-3). Further, nearly 33.9% of 

adults have pre-diabetes (intermediate hyperglycemia), which places them at high risk for 

developing T2DM and cardiovascular disease (CVD)(4-6). Although pharmacological and 

behavioral changes may allow for the management of the disease after its onset, the lack of a 

known cure for T2DM underscores the importance of disease prevention through lifestyle 

interventions. However, due to diagnostic limitations, many of those who are pre-diabetic are not 

aware that they are affected. It is of critical importance to identify new markers and develop a 

reliable diagnosis procedure for pre-diabetes to prevent the onset of T2DM and downstream 

metabolic complications. Dynamic changes in DNA methylation in pre-diabetes and T2DM reveal 

the potential of DNA methylation as biomarkers for early identification of metabolic abnormalities 

preceding T2DM(7, 8). Therefore, investigation into the potential use of epigenetic analyses in the 

diagnosis and monitoring of diabetes progression may provide an alternative means for diabetes 

prevention and amelioration. Future studies will be warranted in order to address the mechanism 

of epigenetic changes as they relate to nutritional status, age, gender, inflammation, and 

intervention(9-11). 

 

The current clinical diagnosis parameters in pre-diabetes and T2DM lead to discordance, making 

it challenging to identify pre-diabetic individuals for diabetes prevention(12, 13). Thus, it is 

important to examine the molecular mechanisms underlying the metabolic improvements that 
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result following lifestyle interventions and to identify possible mechanisms that may contribute to 

the variable responses to different treatments within populations(14). 

 

1.2 Type 2 Diabetes Mellitus  

1.2.1 History 

The first documentation of physician-recognized diabetes was in 1500 BCE, when it was 

said that Indian physicians coined the phrase ñmadhumeha,ò meaning ñhoney urine.ò This 

would later be replaced by the term ñmellitus,ò meaning ñsweet like honey,ò in reference 

to the glucose molecules present in the urine. Evidence suggests that diabetes was 

recognized as a physiological disorder as far back as 250 BCE, when the term ñdiabainein,ò 

or ñto pass throughò was conceived to describe the excess urination, or polyuria, that occurs 

in the diabetic state(15, 16). In the late-1800ôs, researchers were able to inadvertently elicit 

the diabetic phenotype in canines by surgically removing the pancreas in order to study the 

role of digestive organs during the process of metabolism. Following the identification of 

the pancreas as one of the primary organs involved in the diabetic phenotype, researchers 

were able to isolate the beta cells and, using the extracts produced by these cells, ameliorate 

the phenotype in canines, leading to the discovery of insulin(15, 17). Much has been 

accomplished in the realm of diabetes research since then, including the purification and 

mass production of insulin used in the treatment of the disease, as well as the universally 

accepted mechanism whereby environment (diet and exercise) contribute to the treatment 

of T2DM(18, 19).  
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1.2.2 Pathogenesis 

In the healthy state, whereby normal glucose homeostasis is maintained, ingestion of 

glucose leads to the increase of plasma glucose levels(20-22). This increase prompts the 

pancreatic beta cells to release insulin into the blood stream, leading to concomitant 

hyper-insulinemia and hyper-glycemia. This physiologic state of increased insulin and 

glucose in the blood stimulates glucose uptake in tissues and simultaneous suppression of 

glucose production (gluconeogenesis) in the liver(22-25).  

 

The onset of T2DM is typically characterized by two coinciding physiological 

detriments. These include the impaired ability of insulin to act on the cell (typically 

skeletal muscle) to localize the GLUT receptors for peripheral glucose uptake and a 

deficiency in the ability of the beta cells to secrete a sufficient quantity of insulin for 

efficient glucose uptake into the cell(22-27). Initially, the pancreatic beta cells act in a 

compensatory manner to maintain blood glucose at normal levels, however, this 

mechanism is soon abolished as beta cell function progressively worsens(16, 24).  The 

ñincretin defectò refers to the increase in glucagon secretion from the pancreatic alpha 

cells which leads to a decreased response of the gastrointestinal tract to release incretion 

hormones in the postprandial period(20). In the diabetic state, the liver is insulin resistant 

and, therefore, unable to sense that the body is in a state of both hyper-insulinemia and 

glycemia. This results in the continued output of glucose via gluconeogenesis in spite of 

the inability of the body to properly dispose of the glucose in the peripheral tissues.  
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Because a staggering majority of T2DM patients are also overweight and exhibit excess 

adiposity, the role of adipocytes in the pathogenesis of insulin resistance is of great 

interest(28). Lipolysis, the breakdown of triglycerides and subsequent release of free fatty 

acids (FFA), is activated in the diabetic state due to the suppression of insulin. 

Chronically elevated FFA levels in the blood, sometimes referred to as ñlipotoxicity,ò 

have been shown previously to contribute further to the insulin resistance of the skeletal 

muscle and liver, leading to a cyclical effect of insulin resistance(28-31). 

 

1.2.3 Diagnosis 

Diagnosis of T2DM in the clinical setting includes different approaches to quantify 

glucose quantity in the bloodstream and glucose handling by the internal and peripheral 

tissues. According to the American Diabetes Association (ADA), the World Health 

Organization (WHO), the European Association for the Study of Diabetes (EASD), and 

others, glycated hemoglobin (A1c%) Ó 6.5, fasting glucose Ó 126 mg/dL, 2-hour glucose 

Ó 200 mg/dL and random glucose Ó 200 mg/dL indicates the presence of T2DM. Pre-

diabetes is diagnosed when hemoglobin (A1c%) is between 5.7 and 6.4, fasting glucose is 

between 100 and 125 mg/dL, and 2-hour glucose is between 140 and 199 mg/dL (Table 

1)(32-34). 

 Healthy Pre-diabetes T2DM 

A1C (%) > 5.7 5.7-6.4 Ó 6.5 

Fasting Plasma Glucose 

(FPG) 

< 100 mg/dL 100-125 mg/dL Ó 126 mg/dL 

Oral Glucose Tolerance Test 

(OGTT) 

> 140 mg/dL 140-199 mg/dL Ó 200 mg/dL 

Random Plasma Glucose Test 

(RPG) 

N/A N/A Ó 200 mg/dL 

Table 1. Clinical diagnostic parameters for T2DM and pre-diabetes(33). 
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1.2.3.1 Issues with Current Diagnostic Procedures  

Importantly, limitations exist regarding the utilization of these tests due to stage-

dependent features of each test and the controversy surrounding A1c% as an 

accurate indicator of insulin resistance(13, 35-45). In regard to the progression of 

decreased insulin sensitivity over time, fasting glucose abruptly increases 

approximately two to three years prior to the onset of T2DM, while significant 

changes in glycated hemoglobin (A1c), a hemoglobin molecule with glucose 

covalently bound, are not observed until one year prior to clinically diagnosed 

T2D. Though not listed above, HOMA-IR, used to assess beta cell functionality 

using the following equation: [fasting insulin (microU/L) x 

fasting glucose (nmol/L)/22.5], shows a significant decrease five years prior to 

diagnosed disease. Clinical utilization of A1c has been controversial due to 

limitations in its use as a diagnostic tool. This is primarily due to varying 

phenotypic hemoglobin traits amongst humans, as well as pregnancy, loss of 

blood, and hemolytic anemia, and the ability of these conditions to potentially 

impact interpretations of A1c levels(38, 46). Additionally, depending on 

geographical and socioeconomic characteristics of certain areas of the world, lack 

of test standardization and resource availability impact the testôs universal 

utilization(38). 

 

Of great concern were the results from a previous study in our lab showing that 

the standards put forth by the ADA for fasting glucose and A1c resulted in 

significantly different diagnostic outcomes amongst a group of 87 participants 
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(Figure 1). The current clinical diagnosis parameters in pre-diabetes and T2DM 

lead to discordance depending on physician preference, clinical settings, and 

variance amongst populations, making it challenging to identify pre-diabetic 

individuals for diabetes prevention(12, 13). Such incongruence may lead to under-

diagnosed populations, further increasing the risk of downstream metabolic 

complications due to the absence of clinical interventions(13). 

 

 

Figure 1. Diagnostic percentage of healthy, pre-diabetes, and T2DM amongst 87 volunteers 

according to the parameters set forth by the ADA for FG and A1c(13). 

 

1.2.4 Treatment 

Currently, there are no known cures for T2DM, and effective lifestyle interventions 

remain the clinical priority in the prevention of progression of pre-diabetes to diabetes 

(13, 14, 47, 48). Increasing evidence demonstrates that the remission of intermediate 

hyperglycemia to normoglycemia is particularly effective through behavioral 
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interventions, such as increased physical activity and controlled caloric intake (14, 48, 

49). In line with modification of lifestyle behaviors associated with positive health 

outcomes (50-52), lifestyle interventions by increasing physical activity can lead to 

improvements in the clinical characteristics associated with metabolic disorders (51, 53, 

54). These include body weight, BMI, blood pressure, waist circumference, and waist-to 

hip ratio. Additionally, lifestyle interventions improve plasma lipid profiles, including 

triglyceride (TG), low-density lipoprotein (LDL), and high-density lipoprotein (HDL) 

levels (51). Therefore, targeting pre-diabetes as early as possible may be key to 

preventing T2DM and ameliorating the associated downstream medical complications 

that accompany the disease. To this end, identification of clinically significant 

biomarkers coinciding with the presence of early stage pre-diabetes, as well as of 

progression to the more severe state of T2DM, will be a critical step in combating the 

disease (14, 41, 49, 55, 56). 

 

Environmental factors, such as persistent nutrient surplus and sedentary lifestyle, increase 

the associated lifetime risk of developing pre-diabetes and T2DM (14, 48, 49). Recent 

epigenetic studies that address the interactions between environmental factors and genetic 

alterations have identified various molecular mechanisms of lifestyle interventions for 

T2DM prevention (12, 14, 57). Importantly, emerging evidence shows that the changes in 

the nuclear and mitochondrial DNA methylation profile may reflect early-stage 

progression of pre-diabetes, as well as the transition from metabolically healthy obesity 

(MHO) to metabolically unhealthy obesity (MUO) (13, 14, 58). Importantly, measuring 

epigenetic changes may serve to allow for earlier diagnosis of pre-diabetes and timely 
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assessment of the effectiveness of lifestyle interventions as they relate to diabetes 

amelioration. Prior scientific reviews have examined the alterations of both histone 

modifications and miRNAs in the diabetic state, however, comprehensive reviews 

examining the effects of DNA methylation on early recognition of diabetes, combined 

with effective intervention strategies as they pertain to the functional response of 

metabolic functioning to DNA methylation are lacking (12, 58-67). In this article, we 

review the most recent and novel evidence regarding altered DNA methylation in pre-

diabetes, T2DM, and examine the changes in the methylome profile following lifestyle 

intervention. 

 

1.3 Mitochondrial Function in Type 2 Diabetes Mellitus 

1.3.1 Mitochondrial Function in Healthy and Diabetic States 

Previous studies have shown that mitochondrial function in impaired in insulin resistant 

states(68-72). Mitochondria plays a primary role in energy metabolism and function to 

maintain energy homeostasis, which requires fusion and fission to take place for adequate 

ATP generation and thermogenic mechanisms to persist(14). Importantly, mitochondria 

respond to external stimuli (exercise, diet, energy deficit/surplus) via activation of the 

AMP/ATP-AMPK, NAD+/NADH-SIRT1, and cAMP-PKA/CREB pathways(14, 73-75). 

PGC-1Ŭ is considered the master regulator of mitochondrial function due to its primary 

role as a coactivator responsible for upregulating genes involved in oxidative function. 

This is accomplished primarily through activation of the NRF1/2-TFAM pathway(75, 

76). In the diabetic state, mitochondrion experience stress due to the presence of reactive 
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oxygen species (ROS), as well as circulating free fatty acids and triglycerides, leading to 

impaired mitochondrial functionality(14). 

 

1.3.2 PGC-1Ŭ  

Mitochondrial biogenesis occurs in response to low ATP levels and involves the increase 

in both size and number of mitochondria in the cell(14, 77, 78). This process is regulated 

primarily by PGC-1Ŭ(79).  PGC-1Ŭ regulates cellular energy metabolism in response to 

external stimuli, primarily by regulating mitochondrial biogenesis and oxidative 

metabolism(80). Epigenetic regulation of mitochondrial biogenesis and function across 

tissues in the progression to the diabetic state is of particular interest. Indeed, in 

metabolically impaired states such as obesity, diabetes, and cardiovascular disease, 

functional abnormalities in mitochondrial function are common(77). Interestingly, 

increased methylation in the promoter region of PGC-1Ŭ has been shown in diabetic islets 

cells and fat tissue  in subjects with T2DM accompanied by subsequent down-regulation 

of genes involved in mitochondrial biogenesis (5, 34). 

 

A previous study examined if the PGC-1Ŭ methylation status in the promoter region 

could predict obesity and insulin resistance later in life (81). It was found that epigenetic 

marks (specifically, DNA methylation) measured early in life (5-7 years old) remain 

stable over time and may predict disease risk later in life, concluding that identification of 

these markers may serve as a tool for early diagnosis and intervention in at-risk cohorts 

of individuals. An exercise intervention study examining the methylation profile of PGC-

1Ŭ and subsequent mRNA expression in offspring found that hypermethylation in the 
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promoter region of the PGC-1Ŭ gene in response to maternal high fat feeding was 

sustained for 12 months and coincided with decreased expression of PGC-1Ŭ mRNA 

(82). These effects were ameliorated in offspring from females exposed to exercise 

during pregnancy, indicating further that lifestyle interventions are effective tools for 

preventing epigenetic dysregulation and downstream metabolic complications, even 

when enacted by the mother (intergenerational effect)(82). 

 

The identification of epigenetic markers for diagnostic utilization is of great interest, 

especially in light of the data linking epigenetic reprogramming with the progression of 

metabolic dysregulation(83-88). A study published in 2009 examined the methylation 

profile of the PGC-1Ŭ promoter in skeletal muscle in T2DM subjects in addition to 

genome-wide promoter analysis of DNA methylation(89). They found concurrent 

hypermethylation of the PGC-1Ŭ promoter and reduced expression of the PGC-1Ŭ gene. 

Additionally, they found a reduction in mitochondrial markers, including TFAM, SUO, 

and CYTc, and subsequent reductions in mitochondrial DNA copy number and 

mitochondrial size, indicating a potential link between PGC-1Ŭ promoter methylation, 

mitogenesis, and insulin resistance. The hypermethylation of the PGC-1Ŭ promoter, 

therefore, may serve as an early indicator insulin resistance occurring prior to overt 

symptoms of diabetes progression(89).  

 

The modulation of the expression of PGC-1Ŭ may be a critical component in the 

development of T2DM and associated metabolic complications. Although the disease 

itself is multifaceted and the exact underlying mechanisms are still not entirely 
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understood, environmental factors such as diet and exercise may contribute to the 

changes in DNA methylation at the promoter of PGC-1Ŭ and may play a critical role in 

modifying genetic predispositions associated with insulin resistance(72, 75, 89). It will be 

especially important, moving forward, to examine the tissue-specific patterns as 

compared with those seen in the blood. To this end, it is of interest to examine the 

temporal changes in DNA in the promoter region of PGC-1Ŭ during the progression of 

insulin resistance and type 2 diabetes mellitus in metabolically active tissues and white 

blood cells, in order to establish tissue-specific patterns that may lead to the 

establishment of early diagnostic molecular markers, which would allow for early 

interventional strategies to be implemented prior to overt disease onset in T2DM. 

 

1.3.2.1 PGC-1a in Adipose Tissue 

Adipose tissue serves as the primary energy storage unit in the mammalian body. 

Adipocytes are responsible for triglyceride synthesis and producing acetyl-CoA, a 

molecule critical for fatty acid synthesis. These essential metabolic roles deem 

adipocyte-derive mitochondria extremely critical for physiological processes to 

persist and for homeostasis to be maintained. Indeed, adipose tissue is critical to 

the maintenance of glucose homeostasis due to its role in lipid metabolism and 

turnover of triglycerides, and prior studies have confirmed the relationship 

between impaired mitochondrial function in adipocytes leading to adverse 

outcomes associated with T2DM (90). Finally, the importance of mitochondrial 

biogenesis during cellular differentiation in white adipocytes has been confirmed 

in 3T3-L1 cells. Though PGC-1a exhibits low expression levels in white adipose 
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tissue, it plays a critical role in this tissue and knockout of PGC-1a results in the 

onset of insulin resistance in mice (91). Choo et al. showed that mitochondrial 

protein levels, mtDNA, and ability to utilize glucose are severely reduced in db/db 

mice, suggesting that dysfunction in mitochondrial biogenesis may be a result of 

insulin resistance in the adipocyte and not due to excess adiposity alone. The 

effects of reduced mitochondrial biogenesis were alleviated after db/db mice were 

treated with rosiglitazone and glucose homeostasis was restored. Furthermore, 

rosiglitazone may induce mitochondrial biogenesis in adipose tissue, leading to 

increased oxygen consumption and FA oxidation(92). 

 

1.3.2.2 PGC-1a in L iver 

Proper hepatic function is paramount to the maintenance of macronutrient 

metabolism (carbohydrate, protein, and fat) and, subsequently, glucose 

homeostasis. This is due to the responsibility of the liver, in the fed state, to 

convert glucose to glycogen to be stored in the liver, or lipids to be stored in the 

adipose tissue. In the fasted state, the liver converts non-carbohydrate sources to 

glucose (gluconeogenesis), catabolizes glycogen to glucose, and converts fatty 

acids into ketone bodies (ketogenesis) for energy. Studies have shown that 

reduced expression of 25 genes encoding genes involved in the oxidative 

phosphorylation pathway is seen in the obese state (93-96). This phenomenon is 

seen in mice as well, following the initiation of a high-fat diet(95). However, 

PGC-1a has actually been shown to increase in the liver during the diabetic state. 

Indeed, PGC-1a has been shown to inhibit the hepatic insulin signaling 
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mechanisms in T2DM and enhance glucose output in the liver, regardless of high 

blood glucose levels(12, 97). The mechanisms of inhibition of insulin action and 

promotion of glucose output put forth by hepatic PGC-1a led some researchers to 

begin to refer to PGC-1a in the liver as ñpro-diabeticò(98) Interestingly, other 

studies have shown that PGC-1a overexpression coincides with obesity and 

diabetes, suggesting that PGC-1a promotes gluconeogenesis and alters fatty acid 

metabolism, leading to sustained impaired glucose homeostasis(99).  

 

1.3.2.3 PGC-1a in Skeletal Muscle 

Insulin resistance in the skeletal muscle is a principal feature in T2DM, as skeletal 

muscle plays a key role in insulin-mediated glucose disposal and accounts for 

almost 80% of glucose uptake (100, 101). In the diabetic state, a marked decrease 

in oxidative slow-twitch fiber types coincides with an increase in glycolytic fast-

twitch fiber types. This may be due to the significant reduction in mitochondrial 

biogenesis and oxidative phosphorylation capacity. As such, it has been of great 

interest to examine the underlying molecular mechanisms that precede and 

coincide with worsening insulin sensitivity. Prior studies have shown that PGC-

1a is reduced in humans with insulin resistance(102, 103). Indeed, a previous 

study by Mootha et al. examined ~22,000 genes in normal glucose tolerant, 

impaired glucose tolerant, and T2DM patients using DNA microarrays and found 

that PGC-1a was significantly decreased in the skeletal muscle of diabetic 

patients, as compared to their healthy counterparts. Further, these results 

corresponded with a significant decrease in expression of genes involved in 
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oxidative phosphorylation, indicating an important downstream effect of 

decreased PGC-1a expression(104). The exact mode whereby PGC-1a 

expression is regulated is not fully understood, but could be a result of epigenetic 

control, excess lipid accumulation (characteristic in the obese and diabetic states), 

or as a result of direct insulin action(89, 103, 105-107). It is plausible, too, that 

these mechanism work in concert resulting in decreased PGC-1a expression in 

skeletal muscle in the diabetic state.  

 

1.4 Epigenetics  

The definition of the term ñepigeneticsò has evolved over the last 50 years as our understanding 

of epigenetic mechanisms has improved and the data confirming these pathways have 

accumulated(108). Epigenetic mechanisms, which result in a change in the gene expression 

without altering the DNA sequence, include histone modification, DNA methylation, and non-

coding RNA (ncRNA) (12, 109, 110). Importantly, the different epigenetic processes are 

interrelated and work in coordination to exert molecular effects on genomic transcription and 

protein translation.  

 

1.4.1 Histone Modification 

Activation and silencing of transcription depend on chromatin conformation, which is 

directly controlled by epigenetic mechanisms at the level of the nucleosome (111-113). 

Nucleosomes consist of DNA wrapped around an octamer of four core histones, which 

can be modified covalently by phosphorylation, acetylation, ubiquitination, and 

methylation (109, 110). Histone modifications are involved in the regulation of gene 
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activation and silencing and also play an important role in DNA replication and 

repair(113). Chromatin proteins, too, can be epigenetically regulated to impact normal 

cell differentiation during the early and late S-phases of cell replication (114). As such, 

histone modification has been identified in various diseases and shown to be an effective 

prognostic marker (109). 

 

1.4.2 Non-coding RNAs 

Non-coding RNAs (ncRNAs) are a class of RNA molecules (e.g., long non-coding RNA 

or lncRNA, and microRNA or miRNA) that regulate gene expression at both the 

transcriptional and translational levels without coding for a protein themselves (66, 115-

118). Of the known ncRNAs, miRNA is the most studied and has been shown to mediate 

both mRNA degradation and mRNA translational repression (115, 116).  

 

1.4.3 DNA Methylation 

DNA methylation involves the addition of a methyl group to a Cytosine-Guanine (CpG) 

dinucleotide (Figure 2)(119). The mechanism of DNA methylation was originally 

discovered by researchers examining X-chromosome inactivation in rodent models(120, 

121). 
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Figure 2.  DNA methylation and its role in the regulation of gene expression. DNA 

methylation at cytosine is controlled by DNA methyltransferase (DNMT) and the methyl 

donor S-Adenosylmethionine (SAM) to produce 5-methylcytosine. 5-methylcytosine can 

be oxidized by Ŭ-ketoglutarate (Ŭ-KG)-dependent TET to produce 5-

hydroxymethylsytosine, initiating de-methylation catalyzed by ten-eleven translocation 

(TET) family enzymes and thymine DNA glycosylase (TDG). Adapted from Zhang et al. 

(122) 

 

DNA methylation is necessary in mammals for survival, as it governs transcriptional 

regulation and silencing, and is involved in cellular differentiation (109, 123). Indeed, 

DNA methylation leads to the silencing of genes, but may also affect expression of 

noncoding RNAs, transcriptional elongation, splicing events, and overall genomic 

stability (124, 125). DNA methylation is maintained by DNA methyltransferases, 

DNMT1, DNMT3A, and/or DNMT3B, which catalyze the transfer of a methyl group 
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from S-adenosyl methionine (SAM) to DNA (Figure 3) (126). Interestingly, methylation 

levels across CpG sites in the genome is bimodal, with CpG islands typically showing 

hypomethylation and other CpG sites showing hypermethylation. CpG islands are 

associated with transcription start sites and, because promoter CpG islands must maintain 

a steady state of hypomethylation, DNA methyltransferases must be actively excluded 

from these locations (125-127). Current data suggests methylation that takes place near 

the transcription start sites will block initiation of transcriptional elongation (Figure 3) 

(126). Gene promoters are a target for DNA methylation and are always unmethylated 

when a gene is active.  

 

The epigenetic mechanisms mentioned above have been shown be functionally 

interrelated and to operate in coordination with one another, via a common network, to 

repress transcription (128). For instance, DNMT1, which is responsible for maintaining 

the methylation of cytosine residues in vivo, also exerts effects on histone deacetylase 

activity via the repression of trithorax-related protein (HRX) (129). This is due to the 

transcription-repressing region of HRX that closely resembles a region in the DNMT1 

gene. As mentioned previously, methylation at the level of DNA has also been shown to 

affect chromatin structure through histone deacetylation, methylation, and local 

chromatin compaction (130). Further, it has been recently revealed that CpG islands that 

are not methylated may undergo H3K4 and H3K27 tri-methylation via transcriptional 

modulation, and exclude H3K36 methylation. miRNAs, too, have been shown to exert 

effects on the DNA methylation patterns in metabolically active tissues, such as the 

pancreas and heart, as well as CD4+ T cells from peripheral blood mononuclear cells, by 



 18 

directly targeting DNMT1 (131-133), as well as the estrogen receptor-alpha (118). 

Mechanistically, miRNAs may target the 3ôUTR of DNMT1 and down-regulate DNMT1 

expression, thereby reducing the DNA methylation level and increasing mRNA 

expression of estrogen receptor a (118, 134-136). 

 

Figure 3. The reversible DNA methylation has been shown to regulate gene expression. 

Reduced methylation at the transcription start site (TSS) results in transcription initiation and 

gene expression, while increased methylation leads to gene suppression(137). 

The dynamic nature of DNA methylation is paramount to the plasticity of the epigenetic 

mechanism, allowing for cellular adaptations to environmental stimuli, thereby enhancing 

or silencing gene expression.  Specifically, DNA methylation tends to show stability 

acutely, but is not a permanent molecular phenomenon, which is why organisms can 

exhibit phenotypic changes in response to environmental alterations(138). That is, 

following treatment protocols and lifestyle intervention, the marker is reversible, adding 
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to the importance of early diagnosis in metabolic disease states. Methyl-cytosine, upon 

oxidation by the a-KG-dependent TET family of dioxygenases, yields 5- 

hydroxymethylcytosine (Figure 4). This compound is found in high concentrations in the 

brain, but relatively small concentrations elsewhere in the body. More importantly, this 

oxidative step serves as the initiation of active DNA de-methylation (139). Over-

oxidation of 5-hydroxymethylcytosine leads to the formation of 5-formylcytosine and, 

eventually, 5-carboxylcytosine. Base-excision repair of 5-carboxylcytosine, mediated by 

thymine DNA glycosylase, removes the alkyl group and primes the methylation process 

to begin again (138, 140). Not surprisingly, an over- or under- expression of TET 

enzymes will determine the cellular content of 5-hydroxymethylcytosine, 5-

formylcytosine, and 5-carboxylcytosine (141). Importantly, because of the CXXC motifs, 

which are present in the TET family of enzymes, maintain hypomethylation of CpG 

islands at the transcriptional start sites and Tet1 and 5hmC are present in high quantities 

at promoter regions of genes(142). 
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Figure 4. Representation of the process of methylation, oxidation, and repair of the cytosine 

residue during the process of methylation and subsequent demethylation, resulting in both 

stability and flexibility at the level of the genome(140).  
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 1.4.3.1 Altered DNA Methylation in Type 2 Diabetes Mellitus 

Metabolic diseases such as obesity, pre-diabetes, and T2DM have been strongly linked to 

epigenetic changes (7, 48, 143, 144). Altered DNA methylation across tissues has been 

identified in blood (81, 145, 146), pancreas (147), liver (148-150), adipose tissues (122, 

151, 152), skeletal muscle (153), and diabetic kidney (154-156). To define the epigenetic 

signature of systemic insulin resistance in obese women, Arner et al. conducted genome-

wide transcriptome and DNA CpG methylation profiling on subcutaneous (sWAT) and 

visceral adipose tissue (vWAT) (157). This study revealed 336 differentially methylated 

sites (DMS) that accounted for 223 insulin resistance-associated genes in SAT, and 29 

DMS for 18 IR-associated genes (157). Using genotypic information as a causal anchor 

to explore the role of DNA methylation in the etiology of T2DM, Elliott et al. identified 

DNA methylation in the gene KCNQ1 is likely to be on the causal pathway to disease in 

later life (158). To this end, the key enzyme catalyzing DNA methylation, Dnmt3a, has 

been shown to prime adipose insulin resistance (152). 

 

As one of the effectors of DNA methylation, nutritional status plays a key role in altered 

DNA methylation. It was shown that high glucose (hyperglycemia) elicits DNA 

methylation changes that dysregulates gene expression, which persists even after glucose 

normalization (159, 160). The ñepigenetic memoryò may be passed on to the next 

generation. Interestingly, fetal exposure to high glucose leads to enlarged subcutaneous 

adipocytes in adults, which showed lower LEP promoter methylation and higher leptin 

expression and secretion in adipocytes, thereby increasing risk of developing metabolic 

disease(161). In line with being another effector of DNA methylation, chronic low-grade 
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inflammation is prevalent in obesity and T2DM (162-166). BMI and waist circumference 

have also been shown to be associated with the global DNA methylation levels in whole 

blood DNA and CD4+ T-cells (167, 168).  

 

Functionally, the liver serves a critical role in maintaining glucose homeostasis and 

clearing insulin, mechanisms that are impeded in the diabetic state. Because of its 

functional role in regulating blood glucose levels, tissue-specific DNA methylation 

changes have been examined in the liver during the diabetic state. Nilsson et al. 

conducted a genome-wide analysis of DNA methylation in the human liver and, using a 

linear regression model to identify DNA methylation patterns in diabetic vs non-diabetic 

subjects, found that nearly 94% of CpG sites exhibited reduced DNA methylation in 

subjects with T2DM vs healthy controls (122). No significant differences were seen in 

DNA methylation among non-diabetic patients alone, indicating a potential mechanism 

whereby DNA methylation in the liver contributes to T2DM risk. These results are 

similar to those observed by Dayeh et al., who found that 97% of differentially 

methylated pancreatic CpG sites exhibited reduced DNA methylation in diabetic vs 

normal islet cells (169). Table 2 provides examples of metabolically active tissue-

specific changes in DNA methylation, which were associated with dysregulation of gene 

expression and metabolic homeostasis. 
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Tissue 

Type 

Medical 

Conditions 

Associated 

Genes  Alterations in DNA Methylation  Ref 

Adipose 

Tissue 

Obesity 

HIF3A 

DNA methylation in the promoter region of 

HIF3A was associated positively with BMI 

in obese (non-diabetic) individuals. 

(8) 

FTO 

Variant-CpG restricted Haplotype-specific 

methylation within FTO obesity 

susceptibility locus; 

(170, 171) 

Type 2 

Diabetes 

GYS2, 

ELOVL6, 

and FADS1 

Down-regulated in diabetic state coincided 

with reduced glucose uptake and impaired 

lipid handling. 

(122) 

Liver  

Non-

Alcoholic 

Fatty Liver 

Disease 

PPARGC1A 

Increased DNA methylation in the promoter 

region of PPARGC1A was correlated with 

NAFLD progression. 

(172) 

Pancreas 
Type 2 

Diabetes 

PDX-1 

Up-regulated DNA methylation in the 

promoter region of PDX-1 was correlated 

with decreased mRNA level of PDX-1, 

insulin expression and glucose-stimulated 

insulin secretion. 

(173) 

INS 

Increased DNA methylation at the promoter 

of INS was correlated negatively with INS 

gene expression in islets. 

(174) 

Skeletal 

Muscle 

Type 2 

Diabetes 
PPARGC1A 

Hypermethylation at the promoter of 

PPARGC1A was correlated with reduced 

expression of PPARGC1A and OXPHOS 

genes and peripheral insulin resistance. 

(79, 89, 175) 

Aging 

COX7A1  

Increased DNA methylation at the promoter 

of COX7A1 was associated with decreased 

mRNA expression during aging process. 

(176) 

Blood Obesity 

HIF3A 

Methylation level at three sites in the first 

intron of HIF3A was positively associated 

with BMI. 

(8, 162) 

SREBF1 

Increased methylation at locus cg11024682 

demonstrated causal effect on BMI and 

potentially dyslipidemia and vascular 

endothelial dysfunction. 

(177) 

 

Table 2. The changes in DNA methylation associated with pre-diabetes, T2DM and co-

morbidities. 
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HIF3A is a component of the of the heterodimeric transcription factor hypoxia- inducible 

factor 1 (HIF-1), and increasing evidence has shown that HIF-1 plays a key role in 

metabolism, energy expenditure, and obesity (8, 162, 178).  Additionally, HIF3A functions 

as an accelerator of adipocyte differentiation and plays a role in the cellular response to 

glucose and insulin. One study showed that BMI was positively correlated with 

methylation of the promoter region of HIF3A in adipose tissue and in blood (167). 

Interestingly, a recent study by Aslibekyan et al. disputed these conclusions, finding no 

statistically significant associations between BMI and methylation in HIF3A. However, it 

is important to note that this could have been due to a difference in cohort and/or tissue 

type (CD4+ versus whole blood) (168). Further investigations are warranted to establish a 

unifying pathophysiological role of DNA methylation, as indicated by the exception of 

HIF3A. In obese subjects, rapidly increased adiposity is known to cause local hypoxia in 

the adipose tissue, which up-regulates HIF3A (179). DNA methylation at the promoter of 

HIF3A in the subcutaneous adipose tissue was positively correlated with BMI of obese 

individuals, i.e., increased adiposity indicates an elevation of DNA methylation in HIF3A 

promoter (8, 162). However, the increased HIF3A DNA methylation and gene expression 

in obesity does not support a reciprocal relationship (8, 50, 162). In fact, DNA methylation 

levels in the HIF3A promoter did not show any significant association with the HIF3A 

gene expression level in adipose tissue (8).  

 

The functionality of pancreatic beta cells is paramount for the maintenance of 

normoglycemia (180). Dysfunction of the beta cells leads to insufficient production and 

secretion of insulin into the blood stream and eventual hyperglycemia, a primary 
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characteristic of T2DM (181). Prior studies have examined the genome-wide DNA 

methylation patterns in pancreatic islet cells in response to elevated palmitate levels (in 

vitro model representative of physiological presence of circulating FFA, characteristic of 

the T2DM disease state) (182). Global DNA methylation levels were significantly higher 

in islet cells exposed to the acute elevated palmitate levels. Gene-specific DNA 

methylation in the islets cells has been examined previously, as well. The insulin gene 

(INS), for instance, has been shown repeatedly to exhibit hypermethylation of the INS 

promoter region in T2DM patients compared to healthy controls, and these methylation 

levels have been shown to be negatively correlated with INS mRNA expression (174, 

183). Additionally, pancreatic and duodenal homeobox 1 (PDX1), a transcription factor 

playing a critical role in beta cell maturation, showed significantly increased DNA 

methylation in islet cells from T2DM patients versus healthy control. Decreased mRNA 

levels in PDX1 were associated with increased methylation in the enhancer region of the 

gene (173). These results added to additional data showing that PDX1 mRNA expression 

were correlated with INS mRNA expression, as well as subsequent insulin secretion 

(Figure 5) (174). 
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Figure 5. The effectors of DNA methylation and subsequent mRNA expression leading to pre-

diabetes and T2DM. Model showing the potential role for DNA methylation in the pathogenesis 

of T2DM, specifically incorporating known effectors of DNA methylation, including age, 

gender, inflammation, and nutrient status (amino acids and vitamins/minerals). Impaired insulin 

secretion and altered metabolism (hallmarks of T2DM) occur as a result of the altered 

methylation levels at the genes listed, leading to intermediate hyperglycemia and T2DM(184).  
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Mitochondria play the central role in metabolic homeostasis via oxidative 

phosphorylation (OXPHOS) (14, 73, 74). In response to energy demand, the cell activates 

mitochondrial biogenesis pathways to increase the function and number of mitochondria, 

where the transcriptional co-activator PGC-1Ŭ acts as the master regulator to control 

genes involved in mitochondrial OXPHOS and metabolic regulation (77, 78). In line with 

the notion that mitochondrial alteration is associated with metabolic derangement (14, 73, 

74, 77), epigenetic changes have been observed in the gene PPARGC1A that encodes 

PGC-1Ŭ (Table 3) (79, 89, 175).  

 

Increased methylation in the promoter region of PPARGC1A in diabetic islets cells and 

fat tissue in subjects with T2DM were accompanied by down-regulation of genes 

involved in mitochondrial biogenesis (79, 80). Examination of the methylation profile of 

the PPARGC1A gene in skeletal muscle from T2DM subjects revealed hypermethylation 

of the promoter and reduced expression of the PPARGC1A; consistently, there was 

downregulation of TFAM, SUO, CYTc, and core 1, and mitochondrial DNA copy 

number, mitochondrial content and mitochondrial size (89). Following high fat feeding, 

increased methylation was detected in the promoter region of PPARGC1A in skeletal 

muscle, which was concomitant with down-regulation of PGC-1a and NDUFB6 gene 

expression, and subsequent insulin resistance (175). The reciprocal relationship between 

DNA methylation and gene expression was also observed for COX7A1, a nuclear 

encoded OXPHOS gene coding for a subunit of complex IV in the respiratory chain, 

which shows increased DNA methylation at the promoter and decreased mRNA 

expression during the progression of aging in human skeletal muscle (176). 
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Hypermethylation of PPARGC1A in the promoter region was also observed in subjects 

of nonalcoholic fatty liver disease (NAFLD), the medical conditions that are commonly 

associated with insulin resistance, obesity and T2DM (172). The hypermethylation of 

PPARGC1A and downregulated gene expression (79, 80, 89) may account at least in part 

for altered mitochondrial function in T2DM and pre-diabetes (Figure 5). 

 

Though some weight loss therapies have included medication and/or surgery, large-scale 

studies have shown that behavioral interventions, such as changes in nutritional intake, 

increasing physical activity, and improving access to educational support, are effective 

strategies for improving health outcomes (2, 185). The interventions targeting lifestyle 

factors (e.g., caloric restriction and exercise) have shown the potential to prevent the 

epigenetic dysregulation that accompanies obesity and pre-diabetes (Table 3) (9, 51, 

186). Myocyte-specific enhancer factor 2A (MEF2A), a transcriptional activator involved 

in the activation of growth factor and stress-induced genes as well as the regulation of 

exercise-induced GLUT4 expression, shows decreased DNA methylation following an 

exercise bout (54). In addition, the genes encoding thyroid adenomas protein (THADA), 

mitochondrial ubiquinone oxidoreductase subunit C1 (NDUFC), and mitochondrial 

NADH:ubiquinone oxidoreductase core subunit 6 (MT-DNA6) undergo DNA 

hypomethylation, thereby increasing gene expression following exercise (Table 3). 
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Lifestyle 

Change 

Intervention 

Induced 

Phenotype 

Genes  Alterations in DNA Methylation  Ref 

Increased 

Exercise 

Reduction of 

chronic and 

persistent 

inflammation, 

weight loss, 

decreased 

BMI etc. 

PPARGC1A 

Decreased DNA methylation at the 

promoter of PPARGC1A was 

correlated with increased expression 

of PPARGC1A and OXPHOS genes 

and improved peripheral insulin 

sensitivity. Increased mitochondrial 

biogenesis. 

(51, 79)  

THADA 

NDUFC 

MEF2A 

Decreased DNA methylation at the 

promoter or gene. 
(51) 

MT-ND6 

Decreased DNA methylation at the 

promoter and improved oxidative 

capacity. 

(177) 

Calorie 

Restriction 

Improved 

lipid profile, 

weight loss, 

decreased 

BMI, etc. 

PPARGC1A 

As BMI decreases, methylation 

status of probes in intron 1 are 

decreased in blood and adipose 

tissue. 

(51) 

ATP10A 

In peripheral blood mononuclear 

cells (PBMCs), DNA methylation 

was decreased after hypo-caloric 

diet at ATP10A 

(145) 

Leptin 
High-fat, hyper-caloric diet altered 

methylome in leptin promoter. 
(145) 

TNF-a 

Hypo-caloric diet resulted in 

decreased TNF-a promoter 

methylation. 

(187) 

 

Table 3. The improved metabolism and reversed hypermethylation by lifestyle interventions 

through increased exercise or caloric restriction. 
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Diet and exercise may also contribute to the changes in DNA methylation in the promoter 

of PPARGC1A and modify genetic predispositions associated with insulin resistance (72, 

75, 89). The DNA methylation in PPARGC1A measured early in life (5-7 years old) 

remains stable over time and may predict disease risk later in life, concluding that 

identification of these markers may serve as a tool for early diagnosis and intervention in 

at-risk cohorts of individuals (81). Indeed, an exercise intervention study examining the 

methylation profile of PGC-1Ŭ and subsequent mRNA expression in offspring showed 

that hypermethylation in the promoter region of PPARGC1A in response to maternal 

high fat feeding was sustained for 12 months and coincided with decreased PPARGC1A 

gene expression (82). These effects were ameliorated in offspring from females exposed 

to exercise during pregnancy, indicating further that lifestyle interventions are effective 

tools for preventing epigenetic dysregulation and downstream metabolic complications, 

even when enacted by the mother (82). These findings underscore a mitochondrial link 

between lifestyle intervention and epigenetic changes, and suggest the key role of 

mitochondria in metabolic alteration or improvement at the genetic and epigenetic levels.  

 

The current clinical diagnosis parameters in pre-diabetes and T2DM lead to discordance, 

making it challenging to identify pre-diabetic individuals for diabetes prevention (13, 42, 

44, 45, 47). Thus, it is important to examine the molecular mechanisms underlying the 

metabolic improvements following lifestyle interventions and to identify possible 

mechanisms that may contribute to the variable responses to different treatments within 

populations. 
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Given the role for epigenetic changes in T2DM pathogenesis, researcher have started the 

journey seeking potential use of epigenetic biomarkers to identify individuals of risk of 

developing T2DM (7, 48, 144, 188, 189). By comparing the percentages of dimethylation 

of H3 histones relative to total H3 histone methylation between diabetic and nondiabetic 

groups, Michalczyk et al. found that dimethylation of histones H3K27 and H3K4 had the 

potential as a predictive tool to identify women who have gestational diabetes 

progressing to T2DM (189). In addition, the predictive value of DNA methylation has 

been demonstrated for PPARGC1A by Clarke-Harris et al., showing that individuals with 

PPARGC1A hypermethylation at the age of 5-7 years have higher risk of developing 

obesity and metabolic syndrome at the age of 9-14 years (81). Of interest, examination of 

platelet mitochondrial DNA methylation indicated the potential of mitochondrial 

epigenetic markers for cardiovascular disease (CVD) risk(190). Hypermethylation was 

observed in CVD patients compared to healthy controls, including the genes encoding 

mitochondrial cytochrome c oxidase (MT-CO1, MT-CO2, and MT-CO3) and tRNA 

leucine 1 (MT-TL1), underlying mitochondrial DNA methylation potentially as non-

invasive and easy-to-obtain markers for CVD, known to be diabetic complications (190).  

 

To define the diagnostic value of mitochondrial epigenetic markers, our lab compared 

fasting glucose (FG) and hemoglobin A1c with mitochondrial DNA methylation for the 

outcomes of T2DM and pre-diabetes diagnosis (13). In contrast to FG and A1c that 

produce discordance to reflect T2DM and pre-diabetes progression, mitochondrial DNA 

methylation levels (MT-ND6, and MT-DLOOP) work in concert with parameters of 

impaired insulin sensitivity (HOMA-IR) to indicate early stage of pre-diabetes. In 
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addition, by stratifying health status of obese participants per metabolic syndrome scores, 

we observed a consistent increase in DNA methylation in PPARGC1A and the 

mitochondrial genes MT-ND6 as metabolically healthy obesity (MHO) progresses to 

metabolically unhealthy obesity (MUO) (13). Specifically, DNA methylation was 

upregulated 2.22 times (p<0.01) in MT-ND6 and 2.18 times (p<0.01) in PPARGC1A 

when the metabolic syndrome score increased from 0 to 4. Further larger-scale studies to 

examine the potential of mitochondrial epigenetic marker in pre-diabetes diagnosis will 

be of critical importance to develop consistent markers for T2D prevention. 

 

Mitochondrial homeostasis is critical for metabolic health. In line with pre-diabetes and 

T2DM associated with mitochondrial dysfunction, altered DNA methylation profiles are 

increasingly observed in genes that regulate mitochondrial biogenesis (e.g., PPARGC1A) 

and mitochondrial respiration chain function (e.g., MT-ND6, MT-COX1). These changes 

may arise from environmental or lifestyle factors (e.g., nutritional status, physical 

activities, aging, gender, and inflammation). As such, lifestyle intervention targeting 

physical activity have shown promise to prevent T2DM or slow down disease 

progression, concomitant with DNA methylation reprograming. Importantly, emerging 

evidence suggests that mitochondrial DNA methylation level may reflect early-stage 

progression of pre-diabetes, underscoring its potential as a useful biomarker for pre-

diabetes diagnosis and T2DM prevention. However, outstanding questions remain as to 

the molecular mechanism underlying the altered DNA methylation in pre-diabetes and 

T2DM, and the pathways by which the effectors (e.g., nutritional status and physical 

activity) induce the reversal of epigenetic changes and disease remission (48). Future 
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studies in these aspects, particularly in larger scale and including monozygotic twins, are 

of critical importance. Mechanistic studies that advance our understanding of epigenetic 

reprograming may lay the foundation for the development of epigenetic approaches in 

diagnosis of pre-diabetes and T2DM, and for sustainable and personalized treatment or 

intervention.     

 

1.4.3.2 Effectors of DNA Methylation 

Nutritional status : Nutritional status has been shown to effectively mediate the 

methylation status of genes, including those involved in metabolism (186, 191-202). 

Further, global markers of DNA methylation change in response to dietary factors, and 

energy intake is positively correlated with DNA methylation (203). Therefore, important 

variables to consider when utilizing DNA methylome data as an indicator for disease 

include fed/fasted status as well as nutrient intake. As mentioned above, SAM is 

responsible for the donation of methyl groups to the cytosine residues during the process 

of DNA methylation. Dietary amino acids (glycine, serine, methionine, cysteine) and 

vitamins/minerals (folate, riboflavin, choline, and Vitamin B6 and B12) are known 

methyl donors required for the generation of SAM. Not surprisingly, DNA methylation 

patterns change in response to the intake status of these various methyl donors via dietary 

and supplementary means (204). A previous study which sought to examine the 

epigenetic response to meal composition found that dynamic alterations in DNA 

methylation and gene expression were seen 160 minutes after a standardized meal (191). 

However, this effect was attenuated when accounted for changes in leukocyte fractions 

between the fasted and fed states. Further, plasma folate status has been shown to be 
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positively correlated with methylation in the PCA1 in males and females, positively 

correlated with methylation of SFRP1 in males only, and negatively correlated with 

methylation of PF only in males, shedding light on the complexity of methylation in 

different genders at different nutritional states (205). Circulating homocysteine 

concentrations, too, have been shown to associate with DNA methylation, however there 

are discrepancies in the data amongst groups showing both elevated and reduced global 

DNA methylation levels.  Nevertheless, DNA methylation and gene expression show 

plasticity and variability as nutrition status changes in both males and females, and 

additional studies are needed to examine the tissue-specific and nutrient-specific effects 

of nutritional status on DNA methylation (Figure 6). 

 

 

Figure 6. Schematic representation of how nutritional factors contribute to the SAM cycle. SAM 

is responsible for providing the methyl groups during the process of DNA methylation, which is 

catalyzed by DNMT(184).  
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Age: DNA methylation has been shown to be age-dependent (192, 206). Indeed, the term 

ñepigenetic driftò refers to the substantial and significant global epigenetic variations that 

take place as animals age, as shown in both aging and identical twin human and animal 

studies (207, 208). An additional phenomenon, referred to as the ñepigenetic clockò 

refers to site-specific age-related changes at the level of the gene, which may also be 

tissue specific(119, 209). The mechanisms underlying the epigenetic shifts seen in twin 

studies are not completely understood, adding to the difficulty interpreting whether 

alterations in gene expression are adaptive and can be reversed, or are solely due 

to inherent biological aging mechanisms (210). Longitudinal studies have also confirmed 

increases in inter-individual and within-pair methylation discordance with age (211, 212). 

Hypomethylation in LINE-1, a repetitive element used to measure global DNA 

methylation, is seen in both aging and various types of cancer (213-216). As cancer is 

considered a ñdisease of aging,ò it is not surprising that trends of global hypomethylation 

and gene-specific promoter hypermethylation patterns are similar in both cancer and 

aging (217). Age-dependent methylome alterations could have powerful implications in 

disease development.  

 

Sex: Physiological levels of DNA methylation are not uniform amongst men in women. 

Many studies have revealed that global DNA methylation is higher in men than women, 

regardless of disease status (133, 149, 170, 192, 218, 219). For instance, the mean 

difference in DNA methylation level at the autosomal loci was significantly different 

between males and females(212). The potential mechanism for this discordance is likely 

due to the X-inactivation dosage compensation mechanism in females, an innate 
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mechanism used across species to equalize the number of expressed genes in females as 

compared to males (220). Interestingly, a sex-specific methylation profile was reported 

for human liver in both the X-chromosome and autosomes, which associates with altered 

hepatic gene expression and HDL-cholesterol(149). In human islets, however, sex 

differences were identified in chromosome-wide and gene-specific DNA methylation, 

and these differences were correlated with changes in b-cell function (i.e., insulin 

expression and secretion)(133). DNA methylation may play a role in the differentiation 

or maintenance of sexual dimorphisms. Our methylome mapping of the effects of sex 

may be useful to understanding the molecular mechanism involved in both normal 

development and diseases(219). This mechanism should be examined further in future 

studies to elucidate the discrepancy in DNA methylation patterns between male and 

female humans. 

 

Inflammation : Subclinical presence of inflammation, as well as the pattern of 

inflammatory cytokines, is important in the progression of pre-diabetes to T2DM (221). 

DNA methylation has been shown to be an important cellular mechanism modulating 

gene expression associated with inflammation (222). Indeed, in both chronic gastritis and 

gastric cancer, chronic inflammation has been associated with increased DNA 

methylation (137, 223). Studies investigating the effect of inflammation on global DNA 

methylation have shown that in peripheral blood leukocytes, chronic inflammation is 

associated with increased DNA methylation (222, 224). An additional study confirmed 

these results, and found that in additional to inflammation, global DNA hypermethylation 

was associated with chronic kidney disease and atherosclerosis (203). Further, 
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inflammatory cytokine IL-6 may directly impact the epigenetic changes by regulating the 

DNMTase family, while simultaneously maintaining promoter methylation (224). 

 

1.5 Dissertation Proposal 

Type 2 diabetes mellitus (T2DM) is a growing epidemic and affects nearly 10% of the 

population in the United States. Effective prevention of T2DM through lifestyle intervention 

requires early identification of individuals with prediabetes (a state of high risk to develop 

T2DM), underscoring the significance and urgency to discover diagnostic markers. Previous 

studies from our lab and others have identified epigenetic changes that regulate mitochondrial 

biogenesis and function. Although mitochondrion-related epigenetic changes and metabolic 

derangements are observed in obesity and T2DM, the kinetics of these epigenetic and metabolic 

changes have not been studied, and the temporal correlation during disease progression remains 

poorly defined. Therefore, investigation into the potential use of epigenetic analyses in the 

diagnosis and monitoring of diabetes progression may provide an alternative means for diabetes 

prevention and amelioration.  

 

We hypothesize that epigenetic changes precede intermediate hyperglycemia, and will test this 

hypothesis in mice (C57BL/6J) fed a high fat diet (HFD). As the key regulator of mitochondria, 

PGC-1Ŭ will be the focus of the study, and we hypothesize that the response to a dietary 

intervention (implementation of a high fat diet) will result in hypermethylation of the promoter 

region of PGC-1Ŭ, leading to downregulation of the PGC-1Ŭ gene transcription and subsequent 

detriments in mitochondrial copy number. 
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Results from this project will establish the temporal correlation of epigenetic changes with 

metabolic syndrome, and depict the potential of mitochondrion-related epigenetic markers in the 

assessment of disease progression and intervention. We will test this hypothesis through the 

pursuit of the following specific aims: 

 

1.5.1 Specific Aim 1: Determine the inflection point of metabolic changes during high fat 

diet (HFD) challenge.   

Hypothesis: Changes of body composition, glucose tolerance (GTT), and insulin 

sensitivity (ITT) over the duration of dietary challenges will correlate to the 

progression from a healthy state to a diabetic state. 

 These measurements will determine the inflection point(s) of metabolic changes. 

1.5.2 Specific Aim 2: Determine the kinetics of DNA methylation (DNAme) in the 

promoter region of PGC-1Ŭ gene and mitochondrial changes during dietary challenges.  

Hypothesis: Hypermethylation of the promoter region of PGC-1Ŭ will coincide 

with decreased mitochondrial DNA copy number and decreased protein 

expression  involved in mitochondrial biogenesis and oxidative phosphorylation. 

Correlation analysis between leukocytes and metabolically active tissue will show 

significant temporal correlations of epigenetic changes in PGC-1Ŭ with insulin 

resistance, which will additionally reflect changes in anthropometric and 

metabolic measures. 
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The proposed research will shed light on how epigenetic reprogramming, specifically  

DNA methylation in genes associated with mitochondrial function, correlates with insulin 

resistance and prediabetes progression and remission in response to dietary INT. It may 

potentially lead to the design and implementation of novel diagnostic approach to identify early-

stage pre-diabetes for effective intervention. 

 

1.6 Summary 

Early intervention is critical to prevent T2DM onset and associated complications. It is, 

therefore, essential to identify markers of early-stage dysregulation in glucose handling. Due to 

the genetic, epigenetic, and phenotypical alterations that occur in the mitochondria during the 

obese and insulin resistant states, it is of particular importance to examine the mechanisms 

responsible for these changes(73, 74, 225, 226). Since PGC-1Ŭ has a critical regulatory capacity 

in controlling mitochondrial biogenesis, the identification of epigenetic methylation in the 

promoter region of PGC-1Ŭ, which may underpin the mitochondrial dysfunction that coincides 

with disease onset, are crucial for the establishment of early prognostic markers. In order to 

elucidate the molecular alterations occurring in the pre-diabetic state, prior to overt disease onset, 

I will examine the temporal methylation reprogramming at the promoter region of PGC-1Ŭ, in 

addition to subsequent gene expression alterations. I will further investigate how these changes 

relate to changes in mitochondrial content and mitochondrial protein content.  In conducting 

these experiments, I hope to identify a potential mechanism whereby methylation profiles of 

PGC-1Ŭ may improve diagnostic timing in order to ensure an ñas-early-as possibleò intervention 

time and prevent the onset of T2DM in patients currently in a pre-diabetic state. 
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2.1 Abstract 

In order to comparatively assess the junctures in which phenotypical (anthropometrical and 

metabolic) changes parallel with significant epigenetic changes (DNA methylation), determination 

of the temporal inflection points of significant metabolic and physiological alterations must betide. 

In this study, measurements of body composition, glucose fasting glucose, tolerance (GTT), 

fasting insulin, and insulin sensitivity (ITT) were analyzed over the duration of dietary challenges, 

demonstrating the progression from a healthy state to a prediabetic state, and finally to diabetic 

state. The goal of the current study was to clearly define how anthropometric data, glucose 

tolerance, and insulin sensitivity change with continuing consumption of a HFD and, primarily, 

how these changes associate with the changing methylation profile of PGC-1Ŭ. As early as day 3, 

significant differences were seen between chow and HFD groups in body weight (19.28 ± 0.25 gm 

vs. 21.24 ± 0.20 gm, p<0.05), fat mass (6.63 ± 0.27 % vs. 8.22 ± 0.21%, p<0.001), and fasting 

glucose (90.25 ± 7.80 mg/dL vs. 104.625 ± 5.34 mg/dL, p<0.001), indicating a particularly early 

inflection point of metabolic irregularities that may follow more acute upstream molecular 

changes. In Chapter 3, we will use these inflection points comparatively as we examine significant 

alterations in methylation levels at the promoter region of PGC-1Ŭ and subsequent mitochondrial 

protein alterations. 
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2.2 Introduction 

Murine models for Type 2 Diabetes Mellitus (T2DM) have proven indispensable in the study of 

the underlying molecular mechanisms in insulin resistant states, due primarily to the similarities 

that exist between the genome of the mouse versus the human(1). Prior studies examining the 

kinetics of HFD-induced diabetic traits have shown that molecular changes are seen as early as 

3 days following the initiation of a HFD(2, 3), indicating the potential for diagnostic mechanisms 

to be developed and utilized prior to overt disease onset(4-10). A previous study by Park et al. 

sought to examine the temporal alterations in insulin signaling that occurred during high fat 

feeding and saw that glucose metabolism was altered as early as 1.5 weeks following diet 

initiation(6). Interestingly, they also found that insulin resistance developed simultaneously in 

the liver, skeletal muscle, and adipose tissue following 3 weeks of a HFD. Obesity, which is 

closely linked to T2DM, significantly increased in their study following 1.5 weeks of HFD as 

well, further shedding light on the importance of early identification of high-risk individuals.  

 

The field of epigenetic blood based biomarkers is still in its early stages, however, research in 

this area is gaining traction(11). Biomarkers in blood are typically viewed as the gold standard, 

as compared to those obtained from tissue samples, due to the non-invasive nature of such 

samples. Importantly, previous studies have shown that insulin resistance in metabolically active 

tissues, such as the liver, skeletal muscle, and adipose tissue, are highly predictive of T2DM 

risk. Because analysis of these tissues is expensive and invasive, the ideal mechanism would be 

to identify biomarkers that exhibit dynamic parallels between the blood and metabolically active 

tissues.  
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The potential of blood-based DNA methylation biomarkers for early diagnosis of T2DM has 

been examined previously(12-15). This includes global DNA methylation (16-28)and genome-

wide (18, 20)methylation analyses; however, gene-specific DNA methylation analysis in a time-

specific manner has been lacking. Prior studies have examined the relationship between both 

DNA methylation of PGC-1Ŭ as well as PGC-1Ŭ gene polymorphisms with T2DM risk; 

however, these studies have not examined the temporal changes or whether the changes are 

mirrored in the tissue versus the blood(11, 29-34). 

 

Preclinical and clinical data in human diabetic patients indicates that there are changes in 

mitochondrial copy number and function at different stages of the disease and at progressive 

severities of insulin resistance, however, the mechanisms for these alterations are not clearly 

understood. PGC-1Ŭ is a potentially interesting candidate to examine during disease progression, 

as upregulation of PGC-1Ŭ has been linked to improved insulin signaling and mitochondrial 

homeostasis in both skeletal muscle and adipose tissue, the two primary tissues responsible for 

glucose uptake. Therefore, we will analyze the temporal methylation changes that occur in the 

promoter region of PGC-1Ŭ over the disease time-course and quantify the subsequent changes 

in mitochondrial proteins and mitochondrial copy number. Importantly, in order to utilize these 

methylation data accurately and appropriately, we must first identify the stages of insulin 

resistance and anthropometric changes for downstream comparisons to methylation profiles. 

Therefore, in the following study, we will examine the time-course of insulin resistance onset 

and progressive severity in order to properly quantify whether or how the DNA methylation 

profile at the promoter region of PGC-1Ŭ mirrors these metabolic and anthropometric changes. 
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2.3 Methods 

2.3.1 Mice  

All procedures were conducted in accordance of the Virginia Polytechnic Institute and 

State University Animal Care and Use Committee (IACUC). C57BL/6J male mice (4 

weeks) were purchased from Jackson Laboratory (Bar Harbor, Maine) and were housed in 

plastic cages on a 12 hours light/dark cycle (22ï25°C) and ad libitum access to water and 

food.  Animals were fasted for 12-16 hours overnight prior to sacrifice and subsequent 

tissue harvest and were sacrificed according to approved guidelines put forth by IACUC.  

 

2.3.2 Diet 

Male C57BL/6 mice (n=96) were randomly assigned either to a normal chow diet (10% 

kcal from fat) or a high fat diet (HFD) (60% kcal from fat, 20% kcal from carbohydrates, 

and 20% kcal from protein)(D12492, Research Diets Inc., New Brunswick, NJ).  

 

2.3.3 Body Weight & Fat Mass Quantification 

Both groups of mice (chow and HFD) were weighed and body mass quantified at day 0, 3, 

6, 14, 21, 28, 42, 56, 70, and 84. Body weight and fat mass were measured prior to 

blood/tissue collection using a basic laboratory scale and the Bruker Minispec LF90 NMR 

Analyzer ((Bruker Optics, Inc). Cages were changed every 2-3 days and harvested tissue 

was snap frozen in liquid nitrogen for downstream molecular analyses at day 6, 14, 28, 56, 

and 84.  Experimental procedures were approved by the Virginia Tech Institutional Animal 

Care and Use Committee (IACUC). 
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2.3.4 Blood Glucose & Insulin Monitoring  

Fasting blood glucose was assessed following a 12 hour overnight fast. TA glucometer 

(Kroger, Cincinnati, OH) was used to measure tail vein blood glucose levels. Glucose 

tolerance (GTT) was measured using the following method: mice were fasted for 12 hours 

followed by an intraperitoneal injection of a single bolus of glucose (2 g/kg BW). Blood 

glucose levels were measured at point 0 as well as 15, 30, 60, and 120 minutes following 

injection. Insulin tolerance (ITT) was measured using the following method: mice were 

fasted for 4 hours followed by an intraperitoneal injection of insulin (0.75 units/kg BW). 

Blood insulin levels were measured at point 0 as well as 15, 30, and 60 minutes following 

injection. Blood insulin levels were confirmed using an ultrasensitive 96 mouse insulin 

ELISA kit (Mercodia, Inc., Uppsala, Sweden). Following completion of the assigned 

dietary intervention, mice were fasted overnight and euthanized. Metabolically active 

tissues (list) were collected, snap-frozen in liquid nitrogen, and stored at -80°C for 

downstream analyses.  

 

2.3.5 Measures of Insulin Resistance 

The homeostatic model assessment for insulin resistance (HOMA-IR) and ɓ-cell 

dysfunction (HOMA- ɓ) are often used in the clinic to assess varying degrees of insulin 

resistant and ɓ-cell dysfunction using the equations [G0 × I0/22.5] and [20 × I0/( G0 ī 

3.5)], respectively. The quantitative insulin-sensitivity check index (QUICKI) is used as a 

surrogate index to assess insulin sensitivity and incorporates fasting glucose and insulin 

values in its equation 1/[log(I0) + log(G0)], where I0 and G0 represent fasting insulin and 

glucose, respectively. All above clinical indices were used to characterize the severity of 
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disease state throughout the time course of the study in order to gain clinical insight into 

disease progression. 

 

2.3.6 Statistical Analysis 

Data are presented as mean ± SE. Differences were examined by a two-tailed t-test (for 

2-group comparison) or one-way ANOVA with the least significant difference post hoc 

test to detect statistical differences (for more than 2-group comparison). A value of p< 0.05 

was considered statistically significant. 

 

2.4 Results 

2.4.1 Body Weight and Fat Mass   

At baseline, the average body weight was similar between chow and HFD groups (18.22 ± 

0.23 gm vs. 18.14 ± 0.21 gm, p=0.85) (Figure 1a). Significant differences in body weight 

change were seen as early as day 3 between the chow and HFD groups (19.28 ± 0.25 gm 

vs. 21.24 ± 0.20 gm, p<0.05), and these significant differences in body weight were 

maintained for the remainder of the feeding study. At the final time point, day 84, 

differences between groups remained highly significant (28.21 ± 0.46 gm vs. 40.46 ± 1.30 

gm, p<0.001). Fat mass % was similar between chow and HFD groups at baseline (2.84 ± 

0.17% vs. 2.40 ± 0.16%, p=0.16) (Figure 1b). On day 3, significant differences were seen 

between the chow and HFD groups (6.63 ± 0.27 % vs. 8.22 ± 0.21%, p<0.001), and these 

differences persisted through the final time point (day 84) (6.63 ± 1.65% vs. 22.14 ± 2.53%, 

p<0.001).  
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2.4.2 Fasting Glucose &  Glucose Tolerance Test  

Fasting glucose measurements were conducted at day 0, 3, 6, 14, 21, 28, 42, 56, 70, and 

84. At baseline, fasting glucose levels were not significantly different between chow and 

HFD groups (64.65 ± 19.1 mg/dL vs. 71.13 ± 11.1mg/dL, p=0.17) (Figure 2). Significant 

differences were seen on day 3 and day 6 (90.25 ± 7.80 mg/dL vs. 104.625 ± 5.34 mg/dL, 

p<0.001; and 95.25 ± 3.28 mg/dL vs 104.57 ± 9.34 mg/dL, p<0.05, respectfully), and 

persisted through the entirety of the study to day 84 (100.75 ± 6.31 mg/dL vs. 137.25 ± 

15.75 mg/dL, p<0.001). Significant differences in glucose tolerance tests (GTT) were seen 

as early as day 14 and day 28 (p<0.01)(Figure 3a and 3b).  

 

2.4.3 Fasting Insulin &  Insulin Tolerance Test  

Fasting insulin levels were significantly different between groups at baseline (6.47 ± 2.32 

mU/L vs. 12.45 ± 3.15 mU/L, p<0.001) but normalized on day 3 (8.17 ± 0.70 mU/L vs. 

8.21 ± 2.72 mU/L, p=0.97)(Figure 4a). The HFD treated group had significantly higher 

fasting insulin at day 28 than the chow diet group (16.01 ± 4.61 mU/L vs. 26.07 ± 8.26 

mU/L, p<0.001). This trend was maintained through day 84 (9.82 ± 4.87 mU/L vs. 30.33 

± 23.10 mU/L, p<0.05). Significant differences in insulin tolerance tests (ITT) were seen 

as early as day 14 (p<0.01)(Figure 4b). 

 

2.4.4 Measures of Insulin Sensitivity 

HOMA-IR between chow and HFD groups were significantly different between groups at 

baseline (1.40 ± 0.46 vs. 3.09 ± 0.93, p<0.001) but normalized on day 3 (1.81 ± 0.20 mU/L 

vs. 2.11 ± 0.68, p=0.25) (Figure 5a). From day 28, the groups differed significantly in terms 
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of HOMA-IR values (3.84 ± 1.00 vs. 7.02 ± 2.21, p<0.001) through day 84 (2.41 ± 1.21 

vs. 10.67 ± 8.44, p<0.05). HOMA-ɓ between chow and HFD groups were not significantly 

different between groups at baseline (105.06 ± 68.89 vs. 133.94 ± 54.90, p<0.37) and only 

showed significant differences between groups at day 14 and day 21 (173.48 ± 96.35 vs. 

62.75 ± 42.61, p<0.01 and 88.45 ± 27.13 vs. 49.51 ± 31.75, p<0.01, respectively) (Figure 

5b). QUICKI between chow and HFD groups were significantly different between groups 

at baseline (0.73 ± 0.30 vs. 0.47 ± 0.05, p<0.05) but normalized on day 3 (0.56 ± 0.03 vs. 

0.57 ± 0.09, p=0.92). At day 28, the groups differed significantly in terms of QUICKI 

values (0.43 ± 0.04 vs. 0.35 ± 0.03, p<0.001), and this was maintained through day 84(0.56 

± 0.25 vs. 0.37 ± 0.10, p<0.01) (Figure 5c). 

 

2.5 Discussion 

In this study, we identified a distinct inflection point of body weight, fat mass (%), and fasting 

blood glucose concentration. Our first study examined the physiological changes in BMI and 

glucose metabolism over a longer timeline. However, upon observing the significant 

physiological changes occurring at day 14, we chose to incorporate an additional cohort of mice 

in order to analyze the early stages of body compositional changes and glucose dysregulation. 

Important to note, C57BL/6 mice are useful for the examination of diet-induced obesity (DIO), 

as they show marked changes in body weight and fat mass %, as well as intermediate measures 

of insulin resistance. However, these murine models typically do not develop basal 

hyperglycemia sufficient for diabetes diagnosis, therefore they are ideal models for pre-diabetic 

phenotypes, which was important in our study as we sought to examine molecular changes 
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occurring during the progression from the healthy state to the more severe state of impaired 

glucose handling, with an intentional focus on changes occurring prior to overt disease onset.  

 

As early as day 3, we observed significant increases in body weight, fat mass (%), and fasting 

blood glucose levels in the HFD group, indicating that metabolic dysregulation is occurring very 

early in the disease progression process. We did not see this phenomenon reflected in the fasting 

insulin patterns or insulin scoring indices until day 28, further emphasizing the need for 

mechanisms whereby ñas-early-as-possibleò diagnosis or risk assessment in a clinical setting.  

 

In order to characterize the stage of insulin resistance in our mouse model, we utilized surrogate 

markers for insulin resistance, which included HOMA-IR, HOMA-ɓ, and QUICKI, each of 

which incorporates fasting insulin and fasting glucose levels in their respective equations. The 

HOMA indices are considered simple and accurate surrogate indices, as they only require a 

fasting glucose and insulin measurement, whereas indices that require oral glucose tolerance 

tests are more time-consuming, but may provide more accurate indications of disease state(35, 

36). In a previous study, QUICKI, which also incorporates baseline glucose and insulin 

measurements into its equation, was significantly better at predicting the glucose clamp index of 

insulin sensitivity that the more simple minimal model index of insulin sensitivity. Unlike 

measurements of body composition and blood glucose, these indices were insufficient at early-

identification of metabolic irregularities. Previous studies have highlighted some of the 

diagnostic shortcomings of using insulin levels to predict insulin resistance(37-39). Most agree 

that due to the fact that fasting insulin values tend to more closely associate with hepatic insulin 

resistance and steady state secretion of insulin, the latter of which tends to reflect later stages of 
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beta cell dysfunction and does not reflect earlier stages of insulin secretion(37, 38). Finally, 

populations at high risk for developing diabetes show a marked failure to increase and maintain 

insulin secretion to levels appropriate to maintain normoglycemia, indicating that cross-sectional 

insulin data may not be optimal for defining the disease state. 

 

Previous studies have examined various prediction models for accurately and appropriately 

diagnosing diabetes and risk for diabetes in both animal and human cohorts(40-44). However, 

prediction models that identify disease predictors or elevated risk levels have shown to have 

limited ability to accurately predict risk(40). The primary clinical concern should, ideally, be to 

identify the individuals at highest risk for the disease, while simultaneously excluding low-risk 

populations and eliminating the burden of treatment for those who are not likely to be diagnosed 

with diabetes in the long term. 

 

Elevated body weight levels over time is associated independently with diabetes risk(41, 42). 

This is likely due to the understood phenomenon that elevated body weight and obesity coincides 

with increases in lipolysis, leading to increased fatty acid production and dysfunctional 

adipokine secretion, leading to increases in visceral fat, increases in hepatic glucose output, 

decreased insulin-mediated glucose disposal, and decreased insulin secretion. Additionally, 

elevated body weight and fat mass (%) are both associated with impaired glucose metabolism 

and elevated fasting blood glucose levels(45).  

 

Limitations to the work in this study include lack of HbA1c information, an additional 

commonly used surrogate marker for the diabetic phenotype. Additionally, acute physiological 
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measurements in the time range of hours to days may add more details to the immerging picture 

of metabolic irregularities prior to disease onset. There are many mouse models of type 2 

diabetes, and this study utilized C57BL/6 male mice. An important point to note, C57BL/6 mice 

exhibit moderate degrees of obesity and insulin resistance, compared to genetically modified 

counterparts (ex. B6.V-Lepob/J and BKS.Cg-Dock7m +/+ Leprdb/J). We chose to utilize the 

C57BL/6 murine model due to its representative characteristics to the pre-diabetic state, and due 

to the overarching goal of the study, which was to elucidate epigenetic molecular mechanisms 

(DNA methylation) prior to overt disease onset. 

 

In conclusion, we were able to identify a distinct inflection point of body weight, fat mass, and 

fasting blood glucose levels, which were not reflected in commonly used surrogate indices for 

diagnosis of insulin resistance. Future studies will examine these changes in concert with cellular 

and genetic alterations. 
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2.6 Figures 

 

 

Figure 1. The changes in body weight (a) and fat mass (b) in C57BL/6J mice fed on control (chow) 

and high fat diet (HFD). The mice were 4-5 week old at week 0 (n=4-12). 

* p<0.05; ** p<0.01; ***p<0.001. 
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Figure 2. The changes in fasting blood glucose levels in C57BL/6J mice fed on control (chow) 

and high fat diet (HFD). The mice were 4-5 week old at day 0 (n=4-12). 

** p<0.01; ***p<0.001. 
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Figure 3 (a-c) . The changes in glucose tolerance in C57BL/6J mice fed on control (chow) and 

high fat diet (HFD) on day 14 (a) and day 28 (b). Figure 3c shows the area under the curve (AUC) 

for the respective GTT. 

***p<0.001. 
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Figure 4 (a,b). The changes in fasting insulin (a) throughout the study time course and insulin 

tolerance test (ITT) values (b) at day 14 in C57BL/6J mice fed on control (chow) and high fat diet 

(HFD). 

* p<0.05; ** p<0.01; ***p<0.001.  
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Figure 5a . The variability in HOMA-IR values shown across the time course of the study in 

C57BL/6J mice fed on control (chow) and high fat diet (HFD). The mice were 4-5 week old at day 

0 (n=4-12).  

* p<0.05; ** p<0.01; ***p<0.001. 
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Figure 5b . The variability in HOMA-ɓ values shown across the time course of the study in 

C57BL/6J mice fed on control (chow) and high fat diet (HFD). The mice were 4-5 week old at 

day 0 (n=4-12). 

* p<0.05; ** p<0.01; ***p<0.001. 

 

0

50

100

150

200

250

300

350

Day 0 Day 3 Day 6 Day 14 Day 21 Day 28 Day 56 Day 84

H
O

M
A

-ɓ
  
[2

0
 Ĭ

I0
/(

 G
0
 ī

 3
.5

)]
  

Time

Chow HFD

**

**

b.)



 82 

 

Figure 5c. The variability in QUICKI values shown across the time course of the study in 

C57BL/6J mice fed on control (chow) and high fat diet (HFD). The mice were 4-5 week old at day 

0 (n=4-12). 

* p<0.05; ** p<0.01; ***p<0.001. 
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3.1 Abstract 

Metabolic disorders, such as obesity and T2DM, tend to coincide with aberrant mitochondrial 

functioning(1-6). Though it is known that T2DM is a result of impaired glucose and insulin 

signaling, the molecular mechanisms that underlie these phenomena are not fully understood(1). 

PGC-1Ŭ is a master regulator of mitochondria, as it serves as a transcriptional coactivator for many 

of the genes involved in mitochondrial biogenesis, therefore, it is of interest to further exam PGC-

1Ŭ and the epigenetic controls that may result in decreased transcription of the gene(7-11).  

In order to identify parallels whereby anthropometric and metabolic changes coincide with 

changes in the DNA methylome of PGC-1Ŭ and changes in mitochondrial content, we will collect 

and analyze  metabolically active tissue and leukocytes and utilize correlation analysis to 

determine the relationship between changes seen at the level of the tissue with those seen in the 

blood. Results from blood samples, the most commonly used surrogate tissue, will be contrasted  

with that from other tissues including adipose tissues, liver, and skeletal muscle. Temporal 

correlation of epigenetic changes in PGC-1Ŭ with metabolic and anthropometric alterations, in 

addition to measures of insulin resistance, will be examined to determine the temporal inflection 

point whereby epigenetic marker begin to reflect metabolic changes. 
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3.2 Introduction 

Mitochondrial biogenesis is the process whereby mitochondria grow and divide, allowing for 

adequate ATP synthesis to meet the energy demands of the cell(12-16). Environmental stressors, 

such as caloric restriction and exercise, prompt mitochondrial biogenesis by activating upstream 

genes such as PGC-1Ŭ and mitochondrial transcription factor A (TFAM). Indeed, transcriptional 

regulatory mechanisms control the biogenesis of mitochondria and, therefore, may contribute to 

diseased states and metabolic dysfunction. TFAM, a gene encoded by the nuclear genome, prompts 

the replication of mitochondrial DNA and activates transcription of mitochondrial encoded 

genes(13). Included in the TFAM promoter region is a binding site for nuclear respiratory factors 

1 and 2 (NRF1 and NRF2), thereby connecting nuclear and mitochondrial activation, as the role 

of TFAM is primarily inside the mitochondrial matrix. 

 

At the center of the transcriptional regulatory network of mitochondrial biogenesis is PGC-1Ŭ. 

PGC-1Ŭ is a transcriptional coactivator, meaning it serves to enhance transcriptional activity via 

protein-protein interaction with transcriptional activators (13). In other words, transcription of 

certain genes cannot take place in the absence of PGC-1Ŭ, if PGC-1Ŭ is required as a coactivator. 

PGC-1Ŭ responds to external stimuli and exerts subsequent effects on various aspects of energy 

metabolism. Prior studies have linked upregulation of PGC-1Ŭ to improved insulin signaling and 

mitochondrial homeostasis in both skeletal muscle and adipose tissue, the two primary tissues 

responsible for glucose uptake(17). Not surprisingly, deletion of PGC-1Ŭ in C2C12 myotubes 

results in an increase in fast-twitch glycolytic fibers and a subsequent reduction in slow-twitch 

oxidative fiber, a phenotypic phenomenon associated with skeletal muscle insulin resistance and 

impaired glucose disposal(18-24). 
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Insulin resistance is characterized by dysfunctional glucose uptake, insulin signaling, and 

glycogenolysis, adding credence to the long accepted theory that impaired mitochondrial activity 

may underlie insulin resistance(17). Indeed, prior studies have shown that increases in fatty acyl 

CoA and diacylglycerol, subsequent of impaired fatty acid oxidation in the mitochondria, disrupts 

insulin signaling. Elevated intracellular fatty acid metabolites in the cell result in the activation of 

protein kinase C, thereby activating a serine kinase cascade that subsequently results in the 

inhibition of phosphatidyl inositol 3-kinase, leading to the suppression of insulin mediated glucose 

uptake in the cell(17). 

 

Additionally, glucose sensing in the pancreatic beta cells is impaired in the diabetic state, likely 

due in part to detriments in mitochondrial oxidative metabolism(17, 25, 26). In a healthy state, the 

presence of glucose leads to glucose oxidation and increases in production of ATP from the 

electron transport chain (ETC), leading to an increased ratio of ATP/ADP, closure of the 

ATP/ADP regulated potassium channel, membrane depolarization, and finally, calcium-stimulated 

insulin secretion. Dysfunctional mitochondrial biogenesis, characteristic of the insulin resistant 

state, does not allow for this mechanism to materialize appropriately, leading to impairments in 

secretion of insulin by the beta cells(25, 26). 

 

Given the critical role of mitochondria in regulating glucose sensing and insulin responsiveness, 

and the role of PGC-1Ŭ in maintaining properly functioning mitochondria, it is of particular interest 

to examine the temporal alterations in DNA methylation occurring in the promoter region of PGC-

1Ŭ, as these may dictate downstream phenotypic characteristics associated with diabetes. Further, 



 92 

it will be of interest to elucidate the response of PGC-1Ŭ downregulation in the pathogenesis of 

the disease, and examine whether itôs downregulation is a primary or secondary event to overt 

disease onset.  

 

3.3 Methods 

3.3.1 Mice  

C57BL/6J male mice (n=48) were purchased from Jackson Laboratory (Bar Harbor, 

Maine) and were housed in plastic cages on a 12 hours light/dark cycle (22ï25°C) and ad 

libitum access to water and food.  At the onset of the study, the mice were placed on either 

a normal chow diet (10% kcal from fat) or a high fat diet (HFD) (60% kcal from fat, 20% 

kcal from carbohydrates, and 20% kcal from protein)(D12492, Research Diets Inc., New 

Brunswick, NJ). Animals were fasted for 12-16 hours overnight prior to sacrifice and 

subsequent tissue harvest and were sacrificed according to approved guidelines put forth 

by IACUC. At the completion of the feeding study, mice were euthanized by placing the 

animals in a clean cage and introducing 100% carbon dioxide at a fill rate of approximately 

10-30% of the chamber volume per minute.  Cervical dislocation was performed to ensure 

that the animal was deceased.  All procedures were conducted in accordance of the Virginia 

Polytechnic Institute and State University Animal Care and Use Committee (IACUC).  

 

3.3.2 Tissue Collection 

Following euthanasia, multiple metabolically active tissues (liver, skeletal muscle, visceral 

adipose tissue (eWAT), and subcutaneous adipose tissue (sWAT,)) were isolated and snap-

frozen in liquid nitrogen. Those samples not used immediately were stored at -80 °C. 
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3.3.3 DNA Extraction  &  mtDNA Quantification  

DNA was extracted from tissue and blood using the QIAamp® DNA Mini and Blood Mini 

kit (QIAGEN, Hilden, Germany). Briefly, lysate buffers allow for binding of the DNA to 

the membrane of the spin column, the membrane is then cleaned through a series of 

washing steps, and nucleic acids are eluted in the final step. Quantity and quality of DNA 

was measured using the Syngergy H4 Hybrid Multi-Mode Microplate Reader (BioTek 

Instruments, Winooski, VT, USA). Relative amounts of nuclear DNA and mitochondrial 

DNA (mtDNA) were measured by qRT-PCR as shown previously(27-29), using GAPDH 

as a housekeeping gene (specific to nuclear DNA) and Cytochrome B (a component of 

respiratory chain complex III) as a mitochondrial-specific gene. The primer set information 

is listed in Table 1. The following conditions were used for amplification: 

1*(95°C/10min), 40*(95°C/0:15sec, 58°C/0:45sec), 1*(95°C/0:15sec, 60°C/1:00, 

95°C/0:15sec). The ratio of mtDNA:nDNA reflects the tissue concentration of 

mitochondria per cell. Primer information is listed in Table 1. 

 

 Target Sequence (5ô to 3ô) 

 

 

mtDNAn  

Analysis 

mGAPDH-f ACAGTCCATGCCATCACTGCC 

mGAPDH-r GCCTGCTTCACCACCTTCTTG 

mGAPDH-f AGTTCAACGGCACAGTCAAG 

mGAPDH-r GTGGTGAAGACGCCAGTAGA 

mCytb-f GCTTTCCACTTCATCTTACCATTTA 

mCyt-r TGTTGGGTTGTTTGATCCTG 

         Table 1. Primer information for mitochondrial DNA quantification 
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3.3.4 Bisulphite Conversion &  Methylation Analysis 

Bisulphite conversion of DNA was performed using the EpiTect Bisulfite Kit (QIAGEN), 

whereby methylated cytosines were conserved and unmethylated cytosines were converted 

to uracils.  DNA quality/quantity was examined using the Synergy H4 Hybrid Multi-Mode 

Microplate Reader (BioTek Instruments, Winooski, VT, USA) and stored at ī20 ÁC. qPCR 

was performed to examine methylation profile at mPGC-1Ŭ and mTFAM as described 

previously(30).The following conditions were used for amplification: 1*(95°C/15min), 

40*(94°C/0:15sec, 57°C/0:45sec), 1*(95°C/0:15sec, 60°C/1:00, 95°C/0:15sec). Primer 

information is located in Table 2. 

 

 Target Sequence (5ô to 3ô) 

 

 

 

 

 

Methylation 

Analysis 

mPGC-1Ŭ-Mf1 ATTGAGTTTTAGTGAATTAAAACGT  

mPGC-1Ŭ-Mr AAAATATAAAAAAAATACCTCCGAT  

mPGC-1Ŭ-Uf ATTGAGTTTTAGTGAATTAAAATGT  

mPGC-1Ŭ-Ur AAAATATAAAAAAAATACCTCCAAT  

mPGC-1Ŭ-Mf TTTTACGTTTATATTTGGTTGAGATC 

mPGC-1Ŭ-Mr AACAAAAACTTACACCAACTACGTT  

mPGC-1Ŭ-Uf TATGTTTATATTTGGTTGAGATTGG 

mPGC-1Ŭ-Ur AACAAAAACTTACACCAACTACATT  

          Table 2. Primer information for methylation analysis. 

 

3.3.5 RNA Extraction & cDNA Synthesis 

RNA was extracted from tissue samples using the RNeasy Miki Kit (QIAGEN) according 

to the manufacturerôs instructions. Upon extraction, RNA samples were used to synthesize 

cDNA by reverse transcription polymerase chain reaction (rtPCR). The iScriptTM cDNA 

Synthesis kit (BioRad) was utilized for the synthesis of cDNA. The following conditions 
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were used for amplification of qPCR of synthesized cDNA: 1*(95°C/5min), 

40*(95°C/0:15sec, 58°C/0:30sec, 72°C/0:30sec), 1*(95°C/0:15sec, 60°C/1:00, 

95°C/0:15sec). Primer information is located in Table 3. 

 

        Table 3. Primer information for gene expression analysis. 

 

3.3.6 Western Blotting 

Snap frozen tissue (liver, skeletal muscle, adipose tissue) were homogenized in PLC lysis 

buffer with protease inhibitor cocktail (Roche), 1 mM PMSF, 10 ɛM TSA (Trichostatin A, 

Selleckchem) and 5 mM Nicotinamide (Alfa Aesar) using a Bullet Blender® (Next 

Advance, Inc.). Total protein concentrations were determined using the DC protein assay 

(Bio-Rad). Antibody catalog numbers and vendors are as follows: GAPDH antibody 

(MA5-15738) from Pierce; Complex 1 (C1- A21344) and Complex 3 (C3- A21362) 

antibody from Invitrogen; PGC-1Ŭ antibody (ab54481) from abcam.  

 

3.3.7 Statistical Analysis 

Pearsonôs correlation and linear regression analysis were applied for the examination of 

correlative properties amongst diabetes related risk factors, metabolic indices, 

mitochondrial DNA levels, and promoter methylation. In instances of skewed variables, 

logarithm transformations were conducted. Unless otherwise specified, data are presented 

 Target Sequence (5ô to 3ô) 

 

Gene Expression 

Analysis 

mPGC-1Ŭ-f CCCTGCCATTGTTAAGACC 

mPGC-1Ŭ-r TGCTGCTGTTCCTGTTTTC 

mGAPDH-f AGTTCAACGGCACAGTCAAG 

mGAPDH-r GTGGTGAAGACGCCAGTAGA 
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as mean± SE. Differences were examined by a two-tailed t-test (for 2-group comparison) 

or one-way ANOVA with the least significant difference post hoc test to detect statistical 

differences (for more than 2-group comparison). A value of p< 0.05 was considered 

statistically significant. 

 

3.4 Results  

3.4.1 mtDNA Content &  Physiological Markers 

At day 0, relative mtDNA content in the leukocytes was similar between chow and HFD 

groups (3.70 ± 0.82 vs. 3.21 ± 0.003; p=0.71) (Figure 1). Significant differences in 

leukocyte mtDNA content between the chow and HFD groups was apparent as early as day 

3 (8.24 ± 1.66 vs. 2.97 ± 0.33, respectively; p<0.01). This difference were not statistically 

significant at day 6 (6.85 ± 1.14 vs. 4.07 ± 0.54, p=0.14), but were again at the day 14 

timepoint (6.00 ± 0.87 vs. 3.69 ± 0.54, p<0.05).  

 

Correlation analysis between mtDNA content and physiological markers revealed a 

significant negative association between mtDNA content and fasting glucose (r= -0.43, p 

< 0.05) and body fat % (r=-0.37, p<0.001), but not fasting insulin (r= 0.20, p=0.29) (Figure 

2). Further, there was no significant association between mtDNA content and clinical 

indices utilized to diagnose diabetes, which included HOMA-IR (r= 0.056, p=0.77), 

HOMA-ɓ (r= 0.24, p=0.21), and QUICKI (r= -0.17, p=0.38) (Figure 3).  

 

 

3.4.2 PGC-1Ŭ Methylation &  mtDNA Content 
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In order to evaluate whether PGC-1Ŭ methylation influences mtDNA content, correlation 

analyses were conducted and showed that PGC-1Ŭ methylation indeed was significantly 

and negatively associated with mtDNA content at both day 3 (r= -0.70, p<0.05) and day 6 

(r= -0.75, p<0.05) (Figure 4). Significant correlation between PGC-1Ŭ methylation and 

mtDNA content was not maintained at day 84 (r= 0.02, p=0.21). 

 

3.4.3 PGC-1Ŭ Methylation Correlation in Leukocytes and Metabolically Active Tissue 

In order to confirm that patterns of PGC-1Ŭ methylation were mirrored in metabolically 

active tissue as compared to those observed in leukocytes, correlation and linear regression 

analyses were conducted and showed that patterns of leukocyte PGC-1Ŭ methylation are 

mirrored across tissues, including the liver (r= 0.53, p<0.05), skeletal muscle (r= 0.81, 

p<0.001), subcutaneous adipose tissue (r= 0.73, p<0.05), and visceral adipose tissue (r= 

0.54, p<0.05)  (Figure 5). 

 

3.4.4 PGC-1Ŭ Gene Expression 

At day 6, PGC-1Ŭ gene expression was significantly different between chow and HFD 

groups in the in the (4.16 ± 0.01 vs. 1.78 ± 0.21, p<0.05). This trend was not observed in 

the visceral adipose tissue (1.06 ± 0.21 vs. 1.06 ± 0.05, p=0.99) and subcutaneous adipose 

tissue (1.47 ± 0.73 vs. 1.30 ± 0.64, p=0.86) (Figure 6). At the 56 day timepoint, we 

examined PGC-1Ŭ gene expression in chow and HFD groups, as well as a third group (INT) 

which had been placed on a HFD for 2 months, and then switched back to chow 2 months. 

Interestingly, there were no significant differences between the chow and HFD groups in 

the visceral adipose tissue (4.12 ± 0.09 vs. 2.45 ± 0.07, p=0.08), subcutaneous adipose 
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tissue (5.30 ± 0.99 vs. 3.55 ± 0.18, p=0.45), but was significantly different in the liver (4.16 

± 0.09 vs. 1.78 ± 0.02, p<0.05). However, the PGC-1Ŭ gene expression was significantly 

different between HFD and INT groups at day 56 in the subcutaneous adipose tissue (3.55 

± 0.18 vs. 0.54 ± 0.001, p<0.05) and significantly different between both chow and INT 

(4.07 ± 0.04 vs. 6.64 ± 0.20, p<0.01) as well as HFD and INT in the liver (3.94 ± 0.05 vs. 

6.64 ± 0.20, p<0.01) (Figure 7). PGC-1Ŭ gene expression was not significantly different 

at day 56 in the visceral adipose tissue between HFD and INT groups (2.45 ± 0.07 vs. 1.92 

± 0.24, p=0.30) or between chow and INT group (4.12 ± 0.09 vs. 1.92 ± 0.24, p=0.83). 

Further analysis on leukocytes was not conducted due to limited samples, making it 

difficult to draw parallels between correlative properties between tissue samples and 

leukocytes. 

 

3.4.5 PGC-1Ŭ Methylation &  Markers of Insulin Sensitivity 

At day 3, PGC-1Ŭ promoter methylation was significantly correlated with HOMA-IR (r= 

0.65, p<0.05), and QUICKI (r= - 0.63, p<0.05),  indices. PGC-1Ŭ promoter methylation 

was not significantly correlated with body weight (r= 0.06, p= 0.87), fat % (r= 0.15, p= 

0.67), fasting glucose (r= 0.43, p= 0.22),  fasting insulin (r= 0.45, p= 0.15),  or HOMA-ɓ 

(r= -0.25, p= 0.48), (Figure 8). At day 6, PGC-1Ŭ promoter methylation was significantly 

positively correlated with body weight only (r= 0.86, p<0.01). No significant correlation 

existed between PGC-1Ŭ promoter methylation and fat % (r= 0.15, p= 0.70), fasting 

glucose (r= 0.59, p= 0.10),  fasting insulin (r= -0.48, p= 0.19),  HOMA-IR (r= 0.46, p= 

0.21), HOMA-ɓ (r= -0.45, p= 0.23), or QUICKI (r= 0.51, p= 0.16) (Figure 9). 
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3.4.6 Western Blot Analysis of M itochondrial Proteins and PGC-1Ŭ  

At day 6, the liver, skeletal muscle, and adipose tissue were analyzed to compare 

mitochondrial protein expression (complex I and complex III) and  PGC-1Ŭ  protein 

expression between the chow and HFD groups (Figure 11). These values were normalized 

to GAPDH protein expression. Interestingly, there was an observed significant reduction 

in PGC-1Ŭ protein expression in subcutaneous adipose tissue (p=0.005) and in visceral 

adipose tissue (p=0.037). There was no significant difference in in PGC-1Ŭ protein 

expression in the liver (p= 0.21) or in the skeletal muscle (p= 0.43). At day 6, there were 

no significant differences in complex I protein expression between groups (liver and 

skeletal muscle; p= 0.17 and 0.18, respectively). Further, there were no significant 

differences in complex I protein expression between groups (liver, skeletal muscle, 

subcutaneous adipose tissue, and visceral adipose tissue; p= 0.39, 0.19, 0.30, and 0.66, 

respectively).  

 

3.5 Discussion 

Despite the growing number of humans affected by insulin resistance, along with the evidence of 

the effectiveness of behavioral interventions (i.e. diet and exercise) in ameliorating the disease, 

little is known about the molecular mechanisms underlying disease progression. The present study 

simultaneously examined the DNA methylation and mRNA expression of PGC-1Ŭ in liver, 

skeletal muscle, adipose tissue, and white blood cells, as well as the mitochondrial copy number 

in these respective tissues. Mitochondrial DNA copy number, in conjunction with mitochondrial 

protein content, were analyzed to provide functional data to support the notion that 

hypermethylation of the promoter of PGC-1Ŭ leads to decreased mitochondrial biogenesis by 



 100 

repressing transcription of PGC-1Ŭ, which is considered a master regulator of mitochondrial 

biogenesis. In this study, we revealed a relationship between acute high fat diet feeding and 

alterations in methylation levels, which coincided with reductions in mitochondrial DNA content 

following three days of HFD. Indeed, HFD induced glucose dysregulation coincided with 

increases in methylation levels at the promoter region of PGC-1Ŭ as early as day 3 in leukocytes, 

a pattern which persisted at day 6 and corresponded to increased PGC-1Ŭ methylation in 

metabolically active tissues, indicating a mechanism whereby epigenetic modifications may 

precede overt disease onset. 

 

Our results, too, confirm the positive correlation between body weight and body fat with fasting 

glucose levels (Figure 9), which is anticipated given a plethora of previous evidence illustrating a 

strong positive correlation between adiposity and lipid overload with glucose dysregulation(31-

41). Interestingly, correlation analysis also showed a negative and significant correlation between 

body fat% and fasting glucose levels with mitochondrial DNA content, suggesting that 

mitochondrial dysfunction may precede the onset of insulin resistance and coincide with changes 

in anthropometric measures, which have been shown previously to manifest prior to significant 

metabolic alterations(42-48). We did not, however, observe a significant association between 

fasting insulin and mitochondrial DNA content at day 3, suggesting that an acute relationship 

between insulin levels and mitochondrial dysfunction may not exist.   

 

Our results indicated that promoter hypermethylation in PGC-1Ŭ coincided with decreased 

mitochondrial content, as quantified by mtDNA analyses, as early as 3 days following initiation 

of a high fat diet in C57/BL6 male mice. Though we did see significant changes in PGC-1Ŭ  
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methylation levels at day 6, this did not coincide with decreased PGC-1Ŭ gene expression in 

subcutaneous and visceral adipose tissue. Interestingly, protein expression analysis revealed a 

significant reduction in PGC-1Ŭ protein expression in both the subcutaneous and adipose tissue, 

which would have been predicted given the hypermethylation seen in the promoter region, 

however these results contrast with the gene expression analysis, which showed no significant 

change. There was, however, a marked and significant decrease in PGC-1Ŭ gene expression in the 

liver in mice fed a HFD versus those on chow, potentially indicating an early marker for disease 

risk, as the liver is one of the primary organs responsible for maintaining blood glucose 

homeostasis, however PGC-1Ŭ protein expression analysis showed no significant change between 

groups (49-52). Surprisingly, there were no observed significant differences in complex 1, 

complex III, or PGC-1Ŭ protein expression in skeletal muscle at day 6, perhaps indicating a less 

acute reaction to HFD on PGC-1Ŭ protein expression versus adipose tissue. 

 

Interestingly, the intervention group (INT), which were placed on a 2 month HFD follow by a 2 

month chow diet, saw markedly significant increases in PGC-1Ŭ gene expression in the liver. In 

obese individuals, PGC-1Ŭ gene expression tends to be lower in the liver than in obese 

subjects(53). Additionally, and unlike other metabolically active tissues, increased PGC-1Ŭ 

expression has been shown to correlate with lowered triacylglycerols in the liver, further 

confirming that reversion to a regular chow diet and normoglycemia could potentially lead to 

increased expression of PGC-1Ŭ in lean mice compared to obese(53). Interestingly, we were not 

able to identify a correlation between PGC-1Ŭ promoter methylation and early markers of insulin 

resistance, with the exception of HOMA-IR and QUICKI at day 3 and body weight at day 6. This 



 102 

may be due to the potential phenomenon whereby acute changes occurring at the genomic level 

may precede the phenotypical changes seen in the bloodstream (Figure 10).  

 

A clear causal mechanism whereby PGC-1Ŭ DNA methylation in metabolically active tissues 

during the progression of insulin resistance has not been established. Indeed, PGC-1Ŭ DNA 

methylation has not conclusively been shown to be a primary or secondary effect of insulin 

resistance, however, our results indicate these genomic alterations may precede overt disease 

onset, indicating a potential mechanism whereby transcriptional regulation of mitochondrial 

biogenesis may manifest in altered glucose handling and insulin signaling. 

 

T2DM is denoted by marked deficits in mitochondrial function, leading to impaired glucose and 

lipid metabolism(54-60). The known relationship that exists between OXPHOS function and 

diabetes has been confirmed by numerous prior studies(4, 7, 17, 23, 61-63). Indeed, altered 

dynamics in mitochondria function lead to lipid accumulation, oxidative stress, and inflammation, 

each of which contribute to the activation of the serine and threonine kinases, subsequently 

inhibiting insulin signaling through phosphorylation effects on the insulin receptor substrates(64-

69). It would stand to reason, therefore, that the early stages of HFD initiation cause increases in 

methylation of PGC-1Ŭ, leading to decreases in mitochondrial biogenesis, thereby causing insulin 

resistance in the hepatocytes and myocytes. Our study confirmed an association between both 

PGC-1Ŭ methylation with mitochondrial DNA content and mitochondrial DNA content with 

fasting glucose and insulin at day 3, indicating a potential role of DNA methylation in regulating 

the bodyôs response to increased caloric intake via control of mitochondrial biogenesis and 

alterations in oxidative phosphorylation pathways.  
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Importantly, the fluid mechanistic nature of DNA methylation/de-methylation adds credence to 

the theory that behavioral intervention may ameliorate molecular alterations that occur as a 

consequence of the metabolic complications associated with diabetes(70-75). A multiplicity of 

tissue and cell types are involved in the pathogenesis of diabetes, therefore caution should be taken 

in over-extrapolating the epigenetic changes seen in one tissue versus those seen in another.  

Further, the association between DNA methylation and subsequent gene expression is not entirely 

understood. Interestingly, our study revealed no significant correlation between PGC-1Ŭ promoter 

methylation and PGC-1Ŭ gene expression, warranting further investigation into downstream 

protein expression alterations. 

 

Taken together, effectual approaches for T2DM prevention include early identification of high risk 

populations for the disease. Methods to identify acute and chronic molecular-level alterations 

during disease progression, such as methylation analysis, may be effective in coordination with 

physiological measure analysis to identify high risk populations for T2DM, as overweight and 

obesity alone are not accurate identifiers for risk. The results of the present study indicate that 

further analyses examining the role of DNA methylation as a modifier of mitochondrial function 

in glucose regulation, and that DNA methylation profiling may be effective in identifying high 

risk populations for downstream metabolic dysregulation during progressive insulin resistance.  

 

Limitations of this study include the lack of protein expression data in the leukocytes, which would 

have shed clearer light on the functional effects of reduced PGC-1Ŭ expression and how those 

changes parallel with those seen in the analyzed metabolically active tissues. In order to paint a 
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full picture of the downstream effects of PGC-1Ŭ hypermethylation, it is of interest to examine 

how mitochondrial protein expression is impacted by an increase in methylation, or whether they 

are at all, therefore a more extensive examination of mitochondrial protein alteration is warranted. 

Further, given the fact that our study revealed acute changes in the methylation status of PGC-1Ŭ 

in leukocytes as early as day 3, it would be beneficial to have tissue samples analyzed to determine 

if these changes are mirrored at day 3. Examining even shorter exposures to a HFD (ex. hours) 

may help us to understand the plasticity of methylation from a very acute standpoint. Finally, due 

to limited tissue availability, some of the analyses included smaller sample sizes, lessening the 

statistical power of the correlation analyses, specifically in the gene expression studies. 
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3.6 Figures 

 

Figure 1. The changes in relative mitochondrial DNA copy number in C57BL/6J mice fed on 

control (chow) and high fat diet (HFD). The mice were 4-5 week old at week 0 (n=4-48). 

* p<0.05; ** p<0.01.  
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Figure 2 (a, b, & c). The association between relative leukocyte mitochondrial DNA copy number 

and markers of glucose dysregulation in C57BL/6J mice fed on control (chow) and high fat diet 

(HFD) on day 3. Fasting glucose and body fat % were significantly and negatively associated with 

mitochondrial DNA content (a,b).  Fasting insulin was not significantly associated with 

mitochondrial DNA content (c) (n=29).   
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Figure 3 (a, b & c). The association between relative leukocyte mitochondrial DNA copy number 

and clinically utilized indices representing glucose dysregulation in C57BL/6J mice fed on control 

(chow) and high fat diet (HFD) on day 3. There was no significant association between HOMA-

IR(a), HOMA-ɓ(b), or QUICKI (c) measurements with mitochondrial DNA content (n=29).  
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Figure 4 (a & b). The association between relative leukocyte mitochondrial DNA copy number 

and PGC-1Ŭ promoter methylation in C57BL/6J mice fed on control (chow) and high fat diet 

(HFD) on day 3 (a) and day 6 (b). There were significant negative associations between 

mitochondrial DNA copy number and PGC-1Ŭ promoter methylation at both time points (n=10).  
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Figure 5 (a & b). The association between PGC-1Ŭ promoter methylation in leukocytes as 

compared with metabolically active tissues in C57BL/6J mice fed on control (chow) and high fat 

diet (HFD). There were significant positive associations between PGC-1Ŭ promoter methylation 

in leukocytes as compared with PGC-1Ŭ promoter methylation in the liver (a) and skeletal 

muscle (b) (n=18). 
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Figure 5 (c & d). The association between PGC-1Ŭ promoter methylation in leukocytes as 

compared with metabolically active tissues in C57BL/6J mice fed on control (chow) and high fat 

diet (HFD). There were significant positive associations between PGC-1Ŭ promoter methylation 

in leukocytes as compared with PGC-1Ŭ promoter methylation in the visceral adipose tissue (c) 

and subcutaneous adipose tissue (d)(n=17).  
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Figure 6 (a & b). The relative PGC-1Ŭ mRNA expression in C57BL/6J mice fed on control (chow) 

and high fat diet (HFD) at day 6 (a) and those fed on control (chow) and high fat diet (HFD) and 

the intervention group (INT), which consumed HFD for 2 months, followed by a 2 month chow 

diet. * p<0.05; ** p<0.01. 
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Figure 7 (a & b). The changes in relative mitochondrial DNA copy number in C57BL/6J mice 

fed on control (chow) and high fat diet (HFD) seen in skeletal muscle (a) and liver (b). The mice 

were 4-5 week old at week 0 (n=4-12). * p<0.05 
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Figure 7 (c & d). The changes in relative mitochondrial DNA copy number in C57BL/6J mice fed 

on control (chow) and high fat diet (HFD) seen in visceral adipose tissue (c) and subcutaneous 

adipose tissue (d). * p<0.05; ** p<0.01; *** p<0.001. 
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Figure 8 (a, b & c). The association between PGC-1Ŭ promoter methylation in leukocytes as 

compared with body weight (a), body fat % (b) and fasting glucose (c)  in C57BL/6J mice 

following 3 days of a high fat diet (n=10). 
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Figure 8 (d & e). The association between PGC-1Ŭ promoter methylation in leukocytes as 

compared with fasting insulin (d) and HOMA-IR (e) values  in C57BL/6J mice following 3 days 

of a high fat diet (n=10). 
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Figure 8 (f & g). The association between PGC-1Ŭ promoter methylation in leukocytes as 

compared with HOMA- ɓ (d) and QUICKI (e) values in C57BL/6J mice following 3 days of a 

high fat diet (n=10). 
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