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Several genetic factors have been implicated in the 
underlying pathophysiology of obesity and obesity-associated 
metabolic dysregulation of lipids and insulin  resistance [10-12]; 
yet, the onset and progression of obesity and type 2 diabetes 
are largely due to environmental factors, such as increased 
dietary fat content and decreased physical activity levels [13]. 
High fat diets have long been used as a model to induce obesity, 
leading to skeletal muscle ectopic lipid deposition, mitochondrial 
dysfunction and insulin resistance [5,9,14]. Conversely, 
exercise training has been shown to improve skeletal muscle 
mitochondrial function and insulin sensitivity, while increasing 
beta oxidation of fatty acids [15-18]. Paradoxically, exercise has 
been shown to increase lipid content in skeletal muscle similar 
to the increase due to ectopic deposition seen during obesity 
[18,19]. Yet, metabolic derangements in skeletal muscle lead to 
differential levels of specific fatty acid species, suggesting that 
specific species of fatty acids in addition to total lipid levels 
may account for the detrimental or beneficial effects on insulin 
sensitivity [10]. In this mini review, we will discuss the role of 
epigenetics in mitochondrial adaptations in obesity and insulin 
resistance and their relation to lipid metabolism.

Mitochondrial Dysfunction and Epigenetics
Epigenetic regulation of gene expression, or alterations in 

gene expression that occur independent of changes in the DNA 
sequence, include modifications to the chromatin structure, 
such as DNA methylation and covalent modifications to histone 
proteins including acetylation, phosphorylation, sumoylation, 
methylation, ADP ribosylation and ubiquitination [8,20]. Gene 
expression changes result in various physiological states, 
contributing to the onset and progression of obesity and type 
2 diabetes [1,21]. High fat diets have been shown to alter the 
epigenome in association with obesity and type 2 diabetes. For 
example, in utero, high fat diet feeding and maternal obesity 
alters DNA methylation patterns and histone modifications while 
increasing susceptibility to obesity in offspring of high fat diet-fed 
dams and high fat diet feeding alters DNA methylation in skeletal 
muscle [22-25]. High fat diet feeding has also been shown to 
alter DNA methylation patterns within individuals in association 
with differences in insulin sensitivity [26]. Additionally, obese 
and diabetic individuals exhibit differential DNA methylation 
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Obesity and Diabetes: Diet and Exercise Effects
Type 2 diabetes, a disease state characterized by insulin 

resistance and associated with obesity, is the most common 
metabolic disorder in the world [1]. Metabolic abnormalities 
that contribute to the onset and progression of insulin resistance 
include impaired fatty acid oxidation, ectopic lipid deposition 
and lipotoxicity [2-5]. A major site of ectopic lipid deposition 
and arguably one of the first tissues to exhibit insulin resistance 
during the onset of type 2 diabetes is skeletal muscle [6]. Excess 
lipid accumulation in skeletal muscle is not only due to ectopic 
deposition but may also be due to dysregulation of mitochondrial 
beta oxidation of fatty acids , both of which have been noted in the 
obese, diabetic state and may be causative in insulin resistance 
[2,3,5]. Indeed, skeletal muscle lipid accumulation in the form of 
triacylglycerols, diacylglycerols and long chain acyl-CoAs have all 
been negatively correlated with insulin action [7-9].
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patterns in skeletal muscle compared to lean individuals [27]. 
These epigenetic modifications occur in conjunction  with altered 
skeletal muscle mitochondrial beta oxidation and mitochondrial 
number [27,28]. Exercise training has also been shown to alter 
epigenetic modifications in association with insulin sensitivity 
and improvements in adiposity and mitochondrial function [28]. 
Interestingly, genes that are epigenetically regulated by fatty 
acids and exercise are also important regulators of mitochondrial 
adaptations, such as changes in fatty acid beta oxidation capacity 
and mitochondrial number [27,28]. Collectively, these studies 
show that skeletal muscle mitochondrial adaptations, which 
contribute to lipid metabolism through regulation of fatty acid 
oxidation, may be epigenetically regulated by diet and exercise.

A major role of mitochondria is to produce ATP, and this is 
accomplished partially through beta oxidation of fatty acids 
which also primarily occurs within the mitochondrion. During 
beta oxidation, fatty acids transported into the mitochondrion 
are oxidized such that their chain length is shortened by two 
carbons with each round of oxidation until the final product, 
acyl-coA is produced. An initiating step in mitochondrial beta 
oxidation is transport of the fatty acid into the mitochondrion. 
For long-chain acyl-CoAs, which are unable to diffuse from the 
cytosol into the mitochondria, this is accomplished by addition of 
carnitine, carried out by the mitochondrial carnitine shuttle and 
resulting in the formation of specific acylcarnitine species [29]. 
Medium and short chain acyl-coAs can cross the mitochondrial 
membranes independent of the carnitine shuttle [30]. Dietary 
changes can inhibit the initial step in the mitochondrial carnitine 
shuttle leading to high rates of incomplete fat oxidation and lead 
to production of specific acylcarnitine species resulting from 
excess fatty acid byproducts [31].

Production of acylcarnitine from acyl-coAs, produced as 
intermediates and by- and end-products during fatty acid oxidation, 
aids in the intracellular transport of fatty acids and may serve as an 
indicator of mitochondrial function in regards to lipid metabolism 
[14,31]. Increased levels of long and medium chain acylcarnitines, 
including octadecenoylcarnitine (C18:1), tetradecenoylcarnitine 
(C14:1), tetradecadienylcarnitine (C14:2) and decreases in short chain 
acylcarnitines, such as malonylcarnitine/hydroxybutyrylcarnitine 
(C3DC+C4OH), have been noted in the diabetic and prediabetic 
states [32].

Fatty Acids and Epigenetic Regulation
Interestingly, several fatty acid species have been shown 

to play a role in epigenetic regulation of gene expression. Most 
notably, short chain fatty acids such as those produced during 
fermentation of dietary fiber and as byproducts of fatty acid 
oxidation are known to inhibit the enzyme histone deacetylase 
(HDAC), an enzyme important in removing acetyl groups from 
histone proteins [33]. Butyrate, acetate, propionate, valerate, 
and capropate have all been shown to inhibit HDAC, therefore 
allowing hyperacetylation of core histone proteins [34]. In 
addition to epigenetically regulating histone acetylation patterns, 
short chain fatty acids also alter DNA methylation patterns [35]. 
Thus, the epigenetic effects of fatty acid oxidation byproducts 
appear to be pleiotropic in their epigenetic actions. Not only 

do short chain fatty acids play a role in altering epigenetic 
modifications; but other metabolic byproducts, such as pyruvate 
and lactate, have also been shown to inhibit HDAC activity to 
epigenetically regulate gene expression [1, 7]. More recently, 
short chain fatty acids, such as butyrate, have been shown to 
act as anti-obesogenic and anti-diabetic agents [9,12]. The anti-
obesogenic and anti-diabetic effects of these short chain fatty 
acids may be due partially to the upregulation of mitochondrial 
function [13], more specifically upregulation of skeletal muscle 
mitochondrial fatty acid oxidation and energy expenditure [36].

In contrast to HDAC, which catalyzes the deacetylation 
of histones, the enzyme histone acetylase (HAT) catalyzes 
the acetylation of histone proteins to epigenetically regulate 
gene expression [11]. The major HAT cofactor necessary for 
histone acetylation is acetyl-coA, the by- and end-product of 
mitochondrial beta oxidation and by-product of glucose oxidation 
[37]. Cellular supply of acetyl-coA is a rate limiting step in the 
acetylation of histone proteins and the epigenetic regulation of 
gene expression [38]. Thus, metabolism, including that of fatty 
acids, is tightly associated with epigenetic modifications and 
gene regulation through at least two separate mechanisms, 
direct inhibition of HDAC and stimulation of HAT activity through 
cofactor availability. 

Conclusion
Tight regulation of metabolism in response to environmental 

stimuli, such as diet and exercise, appear to be regulated through 
an epigenetic mechanism involving metabolic byproducts and 
mitochondrial function [39]. Mitochondrial function in skeletal 

Figure 1: Model of mitochondrial-derived fatty acid epigenetic regulation. 
Fatty acids undergo mitochondrial beta oxidation, producing byproducts 
and the final beta oxidation endproduct, acetyl-coA. Byproducts of beta 
oxidation, including the short chain fatty acids (SCFA) butyrate, acetate, 
propionate, valerate and capropate, may be conjugated to carnitine and 
translocate intracellularly to the cytoplasm and nucleus. Translocated fatty 
acids may provide pools of acetyl-coA for histone acetylation by histone 
acetyltransferase (HAT) or may directly inhibit histone deacetylation by 
histone deacetylase (HDAC) in order to epigenetically regulate gene ex-
pression and subsequent phenotypes and physiologies.
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muscle plays an important role in determining insulin resistance 
through oxidation of fatty acids, during which specific species 
of fatty acids are produced as metabolic byproducts [2]. These 
byproducts can be transported intracellularly as acylcarnitines 
and have been reported to reside in the nucleus [34,40]. 
Moreover, short chain fatty acids specifically are known to 
regulate epigenetic modifications and gene expression.  Based 
on the current literature, we propose a model (shown in Figure 
1) whereby diet and exercise regulate mitochondrial function 
to produce specific fatty acid byproducts from beta oxidation 
and these byproducts translocate to the nucleus to provide the 
impetus for epigenetic regulation of gene expression leading 
to adaptations in phenotype and physiology to environmental 
conditions.
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