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BACKGROUND: Diabetes mellitus (DM) is one of the most prevalent chronic diseases, and its prevalence continues to
increase globally. The impact of mitochondrial dysfunction and lipid metabolism on diabetes mellitus and insulin resistance
(IR) has been implicated in several previous reports; however, the results of studies are confusing despite four decades of study.
METHODS/RESULTS: This review has evaluated updated understanding of the role of mitochondrial dysfunction and lipid
metabolism on type 2 diabetes, and found that mitochondrial dysfunction and lipid metabolism disorder induce the
dysregulation of liver and pancreatic beta cells, insulin resistance, and type 2 diabetes.
CONCLUSION: Mitochondrial dysfunction and lipid metabolism induce metabolic dysregulation and finally increasing the
possibility of diabetes.
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Introduction

Mitochondrial dysfunction is associated with the pathogen-
esis of metabolic disorders because abnormal mitochondrial
function can lead to insulin resistance and lipid accumulation.
To decrease the damage from reactive oxygen species (ROS),
there should be a balance between mitochondrial synthesis of
ATP through oxidative phosphorylation (OXPHOS) and
degradation of the proton gradient.

Mitochondria are cellular organelles derived from aerobic
bacteria as their ancestral cells (Ferla et al., 2013). Following
integration of aerobic bacteria, the mitochondria evolved and
to a great extent shared similar characteristics with bacteria,
including a double cellular membrane which delimitates four
different compartments: Outer Mitochondrial Membrane
(OMM), Inner Mitochondrial Space (IMS), Inner Mitochon-
drial Membrane (IMM) and Mitochondrial Matrix (MM).
IMM surrounds the MM in which major metabolic reactions

take place and mitochondrial electron transfer chain (ETC) is
located. This chain is formed by four different protein
complexes (I, II, III and IV) that allow protons to pass across
IMS to generate a proton gradient. Finally, ATP synthase or
complex V uses the proton gradient to catalyze the formation
of ATP (Freund-Michel et al., 2014; Koob and Reichert,
2014; Shaikh et al., 2014; Frohman, 2015; Vyssokikhet al.,
2015; Zhong and Yin, 2015; Patwardhan et al., 2016).
Therefore, mitochondria play an essential role in energy
production through the oxidative phosphorylation pathway
where the beneficial conversion of nutrients arises in the form
of adenosine triphosphate (ATP). This feature powers many
activities within the cells. In addition, mitochondria have
been implicated in various physiologic processes, including
cell signaling and cell death, production of reactive oxygen
species (ROS), steroidogenesis, pyrimidine biosynthesis,
lipid biosynthesis, cellular level regulation of different
substrates such as amino acids, metabolites, enzyme cofac-
tors, apoptosis regulation, metal metabolism (Fe–S cluster
and heme), calcium flux and homeostasis, neurotransmitter
synthesis, heat production, and insulin secretion regulation
(Freund-Michel et al., 2014; Munday et al., 2014; Song et al.,
2014; Garcia de la Garma et al., 2015; Morgan et al., 2015).
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Overeating and a sedentary life style decrease the combustion
of food components in the mitochondria. This excess food in
the body is converted to triglyceride and stored in adipocytes,
muscle and liver (Yki‐Järvinen, 2005). The change in the
metabolism and storage of fats is an important predisposing
factor for insulin resistance and type 2 of diabetes. A study
showed that the diabetes is developed during early age in
patients with congenital monodystrophy, in which the
synthesis and storage of triglycerides in the adipocytes is
disturbed (Javor et al., 2005). Other studies revealed that
protease inhibitors and nucleoside analogs cause partial
lipodystrophy and damage the mitochondrial DNA (mtDNA)
replication during antiretroviral therapy and result in the
development of type 2 diabetes. In addition, epidemiological
studies have revealed a particularly strong relationship
between hepatic accumulation of fat and the development
of whole-body insulin resistance (Yki-Jarvinen and Wester-
backa, 2005). The mutation in mtDNA causes intracellular
triglyceride droplets in patients and decreases beta-oxidation
(Narbonne et al., 2004), which may increase the redistribution
of body fat to lipoma (Suzuki et al., 2004). Several of these
mutations are recognized to be associated with the diabetes
(Maassen et al., 2005). Although scientists have classified
diverse abnormalities in multiple tissues and the secondary
consequences of established hyperglycemia and hyperlipide-
mia, it is challenging to recognize and classify the primary
events that lead to the development of diabetes. To address
these difficulties, it is crucial not only to define the
abnormalities associated with established disease but also to
classify the preceding and underlying metabolic character-
istics. Therefore, herein we discuss the association of
mitochondrial dysfunction and lipid metabolism with dia-
betes (Fig. 1).

Mitochondrial function

Formation of ATP requires two major steps: oxidation of
NADH (or FADH2) and phosphorylation of ADP to form
ATP (oxidative phosphorylation, OXPHOS). These two
reactions are coupled in mitochondria and OXPHOS is an
efficient and cost-effective way of producing energy in
aerobic organisms. The energy obtained from a proton
gradient across the membrane is used to drive the synthesis
of ATP from ADP (Venediktova et al., 2013; Antos-
Krzeminska and Jarmuszkiewicz, 2014; Forkink et al.,
2014; Genova and Lenaz, 2014). Furthermore, mitochondria
generate heat through a mechanism called “proton leak.”
Proton leak from the inter membrane space to matrix reduces
proton-motive force and generates heat instead of ATP. The
proton leak is a catalytic property of specific molecules
termed uncoupling proteins (UCPs) that regulates both heat
and Reactive Oxygen Species (ROS). UCPs belong to the
mitochondrial anion carrier protein family, which are located
in the mitochondrial inner membrane. Mammals have five
UCP homologs. Based on genetic association studies, UCP2,
UCP3, or both are reportedly associated with obesity, insulin
resistance, type 2 diabetes mellitus and metabolic syndrome
in humans (Udagawa et al., 2014).

Mitochondria and Metabolism

In mammalian cells, glucose, free fatty acids (FFAs) and
glutamine are the three major fuels (Obre and Rossignol,
2015; Salerno et al., 2015) that are oxidized completely by
several enzymatic reactions in mitochondria. Therefore,
mitochondria have always been considered as important
organelles in the regulation of cellular metabolism (Kuhn et
al., 2015) since many processes such as β-oxidation of free
fatty acids, ketogenesis, glutaminolysis and catabolism of
branched chain amino acids (BCAA) take place in the
mitochondria (Czibiket al., 2014; Yu et al., 2014; Lian et al.,
2015).

β-oxidation of FFAs is a stepwise repetitive and alternative
chain reaction which splits long carbon chains of fatty acids
into acetyl-CoA by various tissues primarily in adipocytes in
response to energy demands (Gogga et al., 2011). FFAs are
activated to their coenzyme A (CoA) esters in the cytosol
through a conversion process which is followed by
transportation of long-chain fatty-acyl-CoA across the
mitochondrial membrane. After being imported by the
carnitine acyl-carnitine translocase system (Kathirvel et al.,
2013), four separate enzymatic reactions of β-oxidation result
in the removal of two carbons in terms of acetyl-CoA. These
processes are repeated until the total fatty acid is converted to
acetyl-CoA. Furthermore, glycolysis is the primary source of
pyruvate production in the cytosol. In aerobic metabolism,
pyruvate is imported into the mitochondria to be converted
into acetyl-CoA. In essence, pyruvate and fatty acids are

Figure 1 Diabetes mellitus pathogenesis. This disease has many
pathogenesis aspects. In this literature, the association of
mitochondrial dysfunction and lipid metabolism with diabetes
have been reviewed.
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transported from the cytosol into mitochondria and converted
to acetyl-CoA to produce cholesterol or other lipids through
lipogenesis, or to feed other metabolic pathways such as
Krebs (tricarboxylic acid) cycle (Camoes et al., 2015). TCA
cycle is a fundamental metabolic pathway of complete acetyl-
CoA oxidation and an important hub for the biogenesis of
building blocks used in gluconeogenesis, as well as amino
acid and fatty acid anabolism. In the Krebs cycle, all the
enzymes (other than succinate dehydrogenase that is tightly
bound to the inner mitochondrial membrane) are found in the
mitochondrial matrix. During the conversion of pyruvate to
acetyl-CoA, carbon dioxide (CO2) is a byproduct and NADH
and FADH2 are produced as the electron carriers. NADH is a
product of both glycolysis and Krebs cycle while FADH2 is
only produced in Krebs cycle. Given the close proximity
between TCA cycle and the oxidative phosphorylation
system (electron transport), each NADH and FADH2

molecule is fed into that pathway as an important source of
energy that is used to generate ATP. It is noteworthy that the
TCA cycle is overloaded through excessive production of
acetyl-CoA from the β-oxidation, resulting in its conversion
to create ketone bodies. In conditions where glucose levels
are too low, the ketone bodies can serve as a fuel in times of
starvation or in an uncontrolled diabetic situation when a
patient cannot utilize most of the circulating glucose. In such
cases, the stored fat is liberated to generate energy through the
TCAs cycle, but the ketone bodies are generated in response
to over accumulation of acetyl-CoA. Hence, these ketone
bodies can be imported into the mitochondria of the
peripheral tissues where they are degraded into acetyl-CoA
to replenish the TCA cycle (Fatland et al., 2002; Hiltunenet
al., 2010; Hynes and Murray, 2010; Kathirvel et al., 2013;
Chen et al., 2014; Demine et al., 2014; Fukao et al., 2014;
Lian et al., 2014; Ng and Tang, 2014; Smiljanic et al., 2014;
Wang et al., 2014; Krivoruchko et al., 2015).

Acetyl-CoA: A crossroads compound

Another fate of acetyl-CoA is its application in cholesterol
synthesis and lipogenesis (Wang et al., 2014). In fact, acetyl-
CoA is utilized for biosynthesis of cholesterol as a
fundamental lipid in a complicated way within the endoplas-
mic reticulum of hepatic cells. Mitochondria, however, are
considered cholesterol-poor organelles and obtain their
cholesterol from extra mitochondrial sources and trafficking
within mitochondrial membranes. Mitochondria participate in
steroid synthesis in terms of steroidogenesis. Anyhow,
mitochondrial cholesterol has a central role in synthesis of
bile acids in the liver or in the formation of steroid hormones
in specialized tissues using cholesterol of different origins
(Fatland et al., 2002; Hiltunen et al., 2010; Hynes andMurray,
2010; Lian et al., 2014; Zhu et al., 2014; Zhu et al., 2014;
Krivoruchko et al., 2015). Moreover, acetyl-CoA has the
potential to convert back to fatty acid in a sequence of several

chemical reactions during a lipid formation process known as
lipogenesis for subsequent storage. Various studies have
proclaimed the mitochondrial ability to elongate short-chain
fatty acids from acetyl-CoA precursors through a complex of
enzymes known as fatty acid synthase (FAS). The mitochon-
drial type of FAS pathway is composed of a set of mono-
functional enzymes similar to the bacterial FAS II system,
which contrasts with that of the eukaryotic cytosolic multi-
function. Characterization of eukaryotic cells in the dual
localization of fatty acid synthesis (FAS) is indicative of the
fact that they have maintained FAS in the mitochondria in
addition to the “classic” cytoplasmic FAS (FAS I) (Hiltunen et
al., 2010). The recently identified glutaminolysis draws our
attention to another dimension of mitochondrial metabolic
function of energy production by glutamine degradation.
Apart from the role of glutamine in protein synthesis, the
production of αKG from glutamine via double deamination of
glutamate leads to α-ketoglutarate production, which is
critical to replenish the tricarboxylic acid (TCA) cycle to
sustain ATP levels in order to feed the TCA cycle.
Interestingly, α-ketoglutarate can also be reduced to acetyl-
CoA by isocitrate dehydrogenase-1 to proceed lipogenesis
(Demine et al., 2014). The importance of these processes
becomes evident when the lack of glutamine completely
prevents cell growth (Pan et al., 2015).Under hypoxia
conditions, for instance, glutaminolysis seems to be func-
tional for cell growth, as lipogenesis seems to rely exclusively
on this pathway (Carey et al., 2014; Demine et al., 2014;
Carey et al., 2015).Additionally, there are three hydrophobic
branched amino acids of Valine, Leucine and Isoleucine
(BCAAs), the metabolism of which is coordinated with
mitochondria. Branched-chain alpha-keto acid dehydrogen-
ase complex (BCKDC) converts these three essential amino
acids into acyl-CoA derivatives in humans, which finally
results in the generation of either acetyl-CoA or succinyl-
CoA that enter the TCA cycle. Although the metabolic
disorders affecting the branched-chain amino acids lead to
branched-chain ketoaciduria or maple syrup urine disease
(MSUD), recent studies have shown that the impaired BCAA
metabolism might occur in obesity (Lynch and Adams, 2014).
However, the role of BCAAs in controlling the metabolism of
carbohydrates cannot be ignored. To confirm this issue,
Kadota et al. showed that BCAAs increase glucose uptake as
one of the core contributors to glucose metabolism in rat
skeletal muscles. These results suggest that plasma BCAAs
play an important role in maintaining normal glucose
tolerance in rats (Kadota et al., 2012).

Mitochondrial dysfunction and epigenetics

The term epigenetics refers to heritable changes in the
expression of active versus inactive genes without any change
to the underlying DNA sequence, which means a change in
phenotype without a change in genotype. Although epige-
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netic change is a regular and natural occurrence, it can be
influenced by several factors including age, lifestyle,
environment, and diseases. Epigenetic modifications can
manifest as commonly as the manner in which the cells
terminally differentiate to end up as skin, liver, brain and
other cells, or have more damaging effects that can lead to
diseases like cancer. At least three systems, including DNA
methylation, non-coding RNA (ncRNA)-associated gene
silencing, histone modification (acetylation, phosphorylation,
sumoylation, ADP ribosylation and ubiquitination) are
currently considered to initiate and sustain epigenetic
changes. Continuously, new expectations and ongoing areas
of research are unveiling the role of epigenetics in a variety of
human disorders and fatal diseases (Egger et al., 2004).Over
the last two decades, the mutation of mitochondrial DNA
(mtDNA) has held a prominent place as a major cause of
inherited human diseases. mtDNA is maternally inherited and
has a very high mutation rate. Here, in this part of review, the
potential role of epigenetic factors in the pathogenesis of
mtDNA diseases will be discussed. According to the
emerging evidences, mitochondria contain the machinery
required to epigenetically modify mtDNA expression. In
addition, the increased production of reactive oxygen species
seen in several mtDNA diseases could lead to epigenetic
modification of the nuclear genome, including chromatin
remodeling, alterations to DNA methylation and microRNA
expression. These observations could offer a glimmer of hope
to investigate the role of mtDNA methylation in human
diseases (Chinnery et al., 2012). Physiologically, the altera-
tion of gene expression has various outcomes; for example, it
contributes to the onset and progression of obesity, type 2
diabetes and their complications. Various studies have shown
the profound role of high-fat diets in epigenome alteration
which results in obesity and type 2 diabetes. Interestingly,
maternal obesity and a high fat diet change DNA methylation
patterns and histone modifications in utero and would
increase the offspring’s susceptibility to obesity (Dudley et
al., 2011; Suter et al., 2011; Jacobsen et al., 2012; Ge et al.,
2014). Likewise, Khalyfa et al. have shown that a high fat diet
could change DNA methylation patterns in insulin sensitive
patients (Khalyfa et al., 2013). However, when compared to
lean individuals, different patterns of DNA methylation can
be observed in skeletal muscles of obese and diabetic patients.
These epigenetic modifications occur in association with
altered skeletal muscle mitochondrial beta-oxidation and
mitochondrial number. In insulin sensitivity, exercise can
change epigenetic modifications by advancement of adiposity
and mitochondrial function. Remarkably, the genes that are
epigenetically regulated by fatty acids and exercise are also
important regulators of mitochondrial adaptations. Collec-
tively, skeletal muscle mitochondrial adaptations which
contribute to lipid metabolism by the regulation of fatty
acid oxidation may be epigenetically regulated by diet and
exercise (Taylor et al., 2014).

Fatty acids and epigenetic regulation

Several studies have shown the important role of short-chain
fatty acids in mitochondrial epigenetic regulation of gene
expression as inhibitors of the histone deacetylase (HDAC)
and as transformers of DNA methylation patterns. Butyrate,
acetate, propionate, valerate and caproate are the typically
short- chain fatty acids which have the ability to inhibit
HDAC. In addition to short- chain fatty acids, other metabolic
byproducts, such as pyruvate and lactate, can inhibit HDAC
activity to epigenetically regulate gene expression. More
recently, short-chain fatty acids like butyrate have been
shown to act as anti-obesogenic and anti-diabetic agents. The
anti-obesogenic and anti-diabetic effects of these short-chain
fatty acids may be due partially to the upregulation of
mitochondrial function, and more specifically to the upregu-
lation of skeletal muscle’s mitochondrial fatty acid oxidation
and energy expenditure. Butyrate, acetate, propionate,
valerate, and capropate have all been shown to inhibit
HDAC, thereby enabling the hyperacetylation of core histone
proteins (Taylor et al., 2014). Zheng et al. study on animal
models and cell cultures has demonstrated that an improper
amount of glucose and lipid, as well as impaired insulin
signaling might lead to mitochondrial alteration. Never-
theless, molecular mechanisms of mitochondrial alterations
unfortunately remain unexplored in human subjects (Dudley
et al., 2011).

We will now explain four key metabolic regulators in the
alteration of gene expression, namely PGC1, FOXO, SIRT-1
and PTP1B and discuss their effects on mitochondrial
function, diabetic and insulin resistance in more detail.

Key metabolic regulators in alteration of
gene expression of PGC-1

Peroxisome proliferator activated receptor gamma co-activa-
tor alpha (PGC-1α) was recently identified in a yeast. It
interacts with PPARg transcription factor and regulates the
genes involved in energy metabolism during mitochondrial
biogenesis and function. This protein is a transcriptional co-
activator which strongly coordinates gene expression. PGC-
1α has different functions. In brown fat tissue, it stimulates
mitochondrial oxidative metabolism, in skeletal muscle, it
switches fiber-type, and finally in liver, PGC-1α is involved in
multiple aspects of the fasting response (Aguirre-Rueda et al.,
2015; Shokouhi et al., 2015). Another remarkable role of
PGC-1α in brown fat is PPARg co-activation for powerful
induction of uncoupling protein 1 (UCP1) (Carey et al.,
2014). Another member of the family, PGC- 1β,was identified
later based on sequence homology to PGC-1α (Villena,
2014). PGC-1α plays a central role in a variety of tissues by
inducing a core program of mitochondrial biogenesis and
oxidative phosphorylation (OXPHOS) (Laafi et al., 2014).
Obviously, decreased levels of PGC-1α mRNA have been
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verified in fat tissues of individuals with obesity and type 2
diabetes. Finally, PGC-1 α could be a target for anti-obesity or
diabetes drugs according to its controlling role for energy
homeostasis (Zhao et al., 2014).

FOXO

The forkhead box O (FoxO) transcription factor family
members are important targets of the phosphatidylinositol 3-
kinase/Akt pathway, which is a chief protein in downstream
of insulin and insulin-like growth factor receptors that have
been conserved in an evolutionary pathway. The mammalian
FoxO family, including FoxO1, 3, 4 and 6, are highly similar
in terms of structure, function and regulation. These proteins
are involved in diverse physiologic and cellular mechanisms,
including apoptosis response, proliferation, differentiation,
longevity, cancer and regulation of cell cycle, metabolism and
response to oxidative stress (Tzivion et al., 2011; Ferber et al.,
2012). FoxO1, for example, is the most abundant isoform in
different tissues like liver, adipose tissue and pancreatic beta
cells, which is considered as a hepatic regulator of glucose
and lipid production (Bandyopadhyay et al., 2015). In
addition, FOXOs have been noted to have tumor suppressor
function and are important for stem cell maintenance. For
instance, FoxO1 was found to suppress the expression of
genes involved in lipogenesis, including SREBP-1c, in the
liver (Bose et al., 2014). Recent studies have suggested that
FoxO1 may simultaneously regulate lipid metabolism (Cook
et al., 2015).

SIRT-1

Sirtuins, silent information regulator 2 (Sir2) proteins, are an
ancient but phylogenetically conserved family of nicotina-
mide adenine dinucleotide (NAD)-dependent protein deace-
tylases/ADP-ribosyltransferases. Currently, Sirtuins are
classified as class III histone deacetylases (HDACs). At
least seven Sirt2 homologs (Sirt1-7) have been introduced in
mammalian cells. They regulate DNA repair and recombina-
tion, chromosomal stability, gene transcription, and most
importantly mediate the health-promoting effects of caloric
restriction (CR), which includes the retardation of aging.
Mammalian Sirt1, the best-studied family member, is
expressed throughout the body. It is known that Sirt1 plays
an essential role in different biological processes encompass-
ing metabolism, oxidative stress, cellular proliferation,
cellular aging, endothelial functions and genomic stability.
It also connects both cellular energy and redox states to
multiple signaling and survival pathways. However, sirtuins
increase resistance to metabolic, oxidative and hypoxic stress
in different tissues according to cell type and context-specific
activation (Harijith et al., 2014; Pillai et al., 2014; Roth and
Chen, 2014; Stefanowicz et al., 2015). By virtue of its activity

on insulin sensitivity, Sirt1 is considered to be closely
connected to the development of T2DM. Wang et al.
expressed that Sirt1 protein was remarkably decreased in
insulin-resistant cells. Apart from this, they have shown that
reduced Sirt1 level in the gastrocnemius muscle of mice
results in glucose intolerance (Wang et al., 2015). Among its
various functions, Sirt1 has been shown to be involved in fat
metabolism and obesity. Adipose tissues of obese mice
express only low levels of Sirt1. Significantly, the loss of Sirt1
in white adipose cells will induce the impairment of fatty acid
mobilization (Ka et al., 2015). Recent researches have shown
that Sirt1 levels in rodents will be increased in fat tissues in
response to fasting and calorie restriction (CR) (Shin et al.,
2014).

PTP1B (Protein tyrosine phosphatases1B)

Protein tyrosine phosphatases are a large family of enzymes
that have a major role in many cellular functions. PTP1B is a
negative regulator of the insulin-signaling pathway and is
considered as a promising therapeutic target in the treatment
of diabetes (Bakhtiyari et al., 2010).This enzyme is
extensively expressed in insulin-sensitive tissues (Goldstein,
1993). In vitro studies have shown that PTP1B binds to
insulin receptor and dephosphorylates it efficiently. In vivo
and in vitro studies have shown that changes in the expression
of PTP1B are able to induce or prevent insulin resistance in
muscle, adipose and liver tissues (Elchebly et al., 1999;
Dadke et al., 2000; Klaman et al., 2000; Zabolotny et al.,
2004; Nieto-Vazquez et al., 2007). A recent study has
reported that the hydrodynamic injection of PTP1B-shRNA,
but not the scrambled shRNA plasmid, has triggered PTP1B
expression and reduced its levels by up to 84% in the liver of
the diabetic mice. Remarkably, plasma glucose levels
remained significantly lower in the diabetic mice for five
consecutive days following the injection of PTP1B-shRNA
(Vakili et al., 2013). Particularly, the obese insulin-resistant
and diabetic patients have demonstrated a higher expression
and activity of PTP1B in their muscle and adipose tissues
(Johnson et al., 2002). Besides, whole-body knockout studies
of protein tyrosine phosphatase 1B (PTP1B) in mice showed
that PTP1B is a major regulator of insulin sensitivity and
bodyweight (Lees et al., 2015). PTP1B deficiency also has
been shown to protect against Fas-induced hepatic failure
(Ding et al., 2014). Moreover, PTP1B overexpression was
demonstrated to induce insulin resistance (Taheripak et al.,
2013) while the defective PTP1B synthesis differentiated
brown adipocytes into chemical-induced endoplasmic reticu-
lum stress (Bettaieb et al., 2012). Obviously, the tissue-
specific overexpression of PTP1B in the liver and muscle has
been shown to lead to a defect in insulin signaling, resulting
in systemic insulin resistance in mice (Haj et al., 2005;
Delibegovic et al., 2007). Furthermore, genetic variations of
the PTP1B gene have been reported to be associated with
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insulin resistance, type 2 diabetes and hypertension in some
studies (Meshkani et al., 2007; Meshkani et al., 2007; Gu et
al., 2010). Mitochondrial disease or dysfunction is an energy
production problem. All cells in the body (except RBCs) have
mitochondria that produce a body’s essential energy (in other
words, they are power plants of cells).When the power plants
of the cells do not work properly, some of the body’s
processes will not work normally. Mitochondrial diseases are
a clinically heterogeneous group of disorders emerging
because of the dysfunction in mitochondrial respiratory
chain. Mutation of the genes encoded by either nuclear or
mitochondrial DNA (mtDNA) can cause mitochondrial
dysfunction. While some mitochondrial disorders just
influence on a single organ, many affect multiple organs
and often present with prominent neurologic and myopathic
features. According to the variety and importance of
mitochondrial functions, aberrant mitochondrial structure
and function disrupt the tissue homeostasis and contribute
to multiple human disorders. Clinical features of mitochon-
drial disease include ptosis, external ophthalmoplegia,
proximal myopathy and exercise intolerance, cardiomyopa-
thy, sensorineural deafness, optic atrophy, pigmentary retino-
pathy and diabetes mellitus. Therefore, damage to
mitochondria can have widespread negative consequents
(Chinnery, 2014).

Diabetes

When mitochondria produce ATP for cellular energy sources,
reactive oxygen species (ROS) are generated as the
byproducts of ATP synthesis in mitochondria. In return,
overloading of ROS is harmful and can damage mitochondria
so that they are no longer functional. The accumulation of
ROS would finally lead to cellular degeneration and death
(especially in pancreatic beta cells) via DNA fragmentation
which subsequently activates the stress pathway (Graham and
Adler, 2014). ROS appears to be produced in larger amounts
by islets from type 2 diabetes mellitus (T2DM) patients
compared to that of non-diabetic subjects (Mizukami et al.,
2014). The beta islets of type 2 diabetes subjects exhibit
mitochondrial morphologic abnormalities. Hasan NM et al.
found a significantly hypertrophic, round-shaped mitochon-
dria with higher density in patients with type 2 diabetes
compared to lean controls with elliptical and low density
mitochondria (Hasan et al., 2015). Uncoupling protein-2
(UCP2), a regulator of membrane potential in pancreatic beta
cells, reduces the mitochondrial membrane potential through
facilitating proton trickle that will subsequently diminish the
synthesis of ATP. UCP2 also has the ability to downregulate
insulin secretion. Intriguingly, mitochondrial ROS over-
production will increase UCP2 activation, which finally
results in beta cell dysfunction. In conclusion, the beta cell
mass is decreased in type 2 diabetes due to increased beta-cell
apoptosis mechanism (Liu et al., 2013).

Insulin resistance

Insulin is a potent regulator of glucose metabolism, which
maintains glucose homeostasis in both feeding and fasting
states. It is an essential hormone that has various actions.
Moreover, insulin directly controls metabolism and regulates
the cell growth. Likewise, the association of insulin with
cardiovascular, renal and neural functions may elucidate the
relationship between insulin resistance with the risk factors
for hypertension, cardiovascular disease, nephropathy, retino-
pathy and neuropathy (Kim et al., 2008). Scientifically,
dysfunction of insulin signaling pathway and its crosstalk
with other cell signaling pathways leads to insulin resistance.
Insulin resistance (IR) is a condition in which the cells
become resistant to the effects of insulin, or the ability of cells
or tissues to respond to physiologic levels of insulin is
diminished. Because the normal response to a given amount
of insulin is reduced, higher levels of insulin are needed for
proper insulin effects. Therefore, the pancreas fills this gap by
producing more and more insulin until it can no longer
produce sufficient insulin for the body's demands, and the
blood sugar levels are thus increased. Actually, the syndromes
of insulin resistance make up an extensive clinical spectrum,
including obesity, glucose intolerance, diabetes and the
metabolic syndrome, which is likewise an extreme insulin-
resistant state. Various endocrine and metabolic disorders,
immunological diseases, as well as genetic and environmental
factors including aging, obesity, lack of exercise and stress
contribute to insulin resistance. Stress, lipodystrophy, or
excess energy intake would enhance circulating free fatty acid
levels (FFAs). Elevated plasma FFA levels lead to the
accumulation of FFAs, diacylglycerol (DG) and triglycerides
in non-adipose tissues, including skeletal muscle, liver, heart
and b-cells. In fact, lipid infusions and high-fat feeding in
human subjects and rodents reduce insulin-stimulated glucose
disposal. Therefore, perturbation in lipid metabolism results
in insulin signaling impairment as a major mechanism for
insulin resistance. Impaired insulin signaling not only does
influence insulin-stimulated glucose metabolism in skeletal
muscle, but also affects other insulin functions linked to
various pathological conditions in different tissues including,
liver, adipose tissue, heart and vasculature (Kim et al., 2008;
Liu et al., 2014; Kowalski et al., 2015; Muthulakshmi et al.,
2015; Pereira et al., 2015; Williams et al., 2015; Wuttke,
2015). Thus, molecular and cellular mechanisms of insulin
resistance are pertinent to understand the pathogenesis of
various diseases associated with insulin resistance (Kim et al.,
2008).

Inflammation

Environmental and genetic factors have an impact on
hormone secretion and body metabolism that lead to weight
gain. Consequently, predominant clinical features such as
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insulin resistance, type 2 diabetes, cardiovascular disease and
non-alcoholic fatty liver disease (NAFLD) will continue to
indicate this fact. Adipose tissue is considered as a pathogenic
site of obesity-induced insulin resistance. The secretion of
chemoattractants such as MCP-1 and MIF, as well as IL-6,
TNF-α, and IL-1β cytokines draw immune cells, especially
macrophages, into adipose tissue. Faulty lipid metabolism
and subsequent increase in circulating free fatty acids are the
starting shot of inflammatory signaling cascades for the
population of infiltrating cells which then exacerbate by
progressive infiltration of further immune cells, secretion of
cytokines and disruption of the insulin signaling cascade
(McArdle et al., 2013). Inflammation is part of the
complicated and cascade-based biological response of the
body tissues to noxious stimuli. From a history of science
perspective, inflammation in diabetes dates back to over a
hundred years ago when high doses of salicylates reduced the
glucose levels in diabetic patients, and the story of
inflammation is still ongoing. Studies on human obesity and
insulin resistance have revealed a clear association between
the chronic activation of pro-inflammatory signaling path-
ways and decreased insulin sensitivity. For example, elevated
levels of tumor necrosis factor-α (TNF), interleukin-6 (IL-6)
and interleukin-8 (IL-8) have all been reported in various
diabetic and insulin-resistant states. As a whole, inflammation
is caused by many factors, including oxidative stress,
overweight/obesity, improper oral hygiene and nutritional
deficiencies (Desai and Mathews, 2014). As a last point, the
inflammatory marker C-reactive protein (CRP), a non-
specific acute phase protein, is elevated in human insulin
resistant states (De Luca and Olefsky, 2008).

Oxidative stress

As already mentioned, oxidative stress is a major risk factor
for the progression of diabetic complications. Historically,
mitochondrial reactive oxygen species (mROS) were thought
to cause cellular damage and loss of physiologic function. As
frequently mentioned, accumulation of ROSs is linked to
multiple pathologies like diabetes, cancer, premature aging
and neurodegenerative diseases. Thus, mROS are considered
as unavoidable “evils of oxidative metabolism.” Many
evidences have suggested that mROS are critical for normal
cell function (Sena and Chandel, 2012). Mitochondria are a
prominent site for the development of ROS in T2DM patients
compared to non-diabetic subjects. Potentially, oxidative
stress may alter insulin sensitivity either by increasing insulin
resistance or impaired glucose tolerance, which exhibit
alterations in the physiologic cellular redox system. Further-
more, oxidative stress has been implicated as the underlying
cause of both macrovascular and microvascular complica-
tions associated with T2DM. The imbalanced production
ratio of ROS and antioxidants results in oxidative stress.
Nevertheless, a large number of clinical trials have failed to

demonstrate beneficial effects of antioxidants on these
pathologies. Since the role of mROS is changed under
different environmental situations, antioxidant inhibition of
mROS has an ambiguous outcome on cell function. There-
fore, these observations open the door to identify specific
molecular targets of mROS under different environmental
conditions (Wright et al., 2006).

Lipid accumulation

Circulating free fatty acids’ (FFAs) lipodystrophy or excess
energy intake are among the parameters elevated during
stress. Elevated plasma FFA levels lead to the accumulation
of FFAs, diacylglycerol (DG) and triglycerides in non-
adipose tissues, including skeletal muscle, liver, heart and β-
cells. In fact, lipid infusions and high fat feeding in human
subjects and rodents reduces insulin-stimulated glucose
disposal. These data suggest that the defects in lipid
metabolism leading to the impairment of insulin signaling
seem to be a major mechanism of insulin resistance (Gogoi et
al., 2014; Kang et al., 2014; Montgomery and Turner, 2015).

Mitochondrial damage

After recognition of the mitochondrial dysfunction in 1960s,
medical scientists and researchers found a new direction
toward the role of mitochondria in health and disease. Now,
mitochondrial damage is understood to play a significant role
in the pathogenesis of a wide range of disorders, specifically
T2D and insulin resistance (Neustadt and Pieczenik, 2008).
However, the way this was revealed and its effect on cell
function will be discussed later. The pathophysiology of
mitochondrial DNA (mtDNA) damage is due to the
accumulation of mtDNA mutations along with the central
role of oxidative stress in mtDNA diseases. Actually,
although many other factors such as disrupted homeostasis
of Ca2+may contribute to the elevation of oxidative stress and
defective turnover of mitochondrial proteins, there is still
uncertainty about the relative importance of these damaging
processes in the development of cell dysfunction and death
with respect to disease phenotype. These uncertainties limit
the understanding of mtDNA damages pathophysiology and
the consequent ability to improve effective therapies (James
and Murphy, 2002). Interestingly, in recent years, several
studies have shown that the inflammation induces mitochon-
drial dysfunction toward the progression of insulin resistance
(Bakar et al., 2014). According to the study of Martins et al.,
the insulin-resistant, obese and type 2 diabetic patients have
impaired mitochondrial function and reduced fatty acid
oxidation capacity. Predominantly, mutations, polymorph-
isms and epigenetics are the alterations which can be referred
to in some other studies on mtDNA damages (Martins et al.,
2012). Here, we outlined the role of mitochondria and the
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relative complications in different aspects of diseases such as
insulin resistance, obesity, T2D and metabolic syndrome and
their target tissues.

Metabolic tissues

Clinical and translational approaches, as well as numerous
studies on metabolic tissues and their association with
mitochondrial dysfunction have been flourished recently.
Skeletal muscle, adipose tissue, islet β cells and liver are
considered as peripheral metabolic tissues. There are several
obvious proofs on the relationship between obesity and lipid
accumulation in metabolic tissues with metabolic disorders
such as insulin resistance (IR) and type 2 diabetes mellitus
(T2DM). Acute lipid infusion and its accumulation, or
chronic elevation of plasma FFAs, lead to hepatic insulin
resistance (Ishii et al., 2015). Elevated FFAs in the plasma
leads to intracellular lipid accumulation that is associated with
insulin resistance. Insulin resistance has been reported to be
associated with a reduced number of mitochondria, lower
mitochondrial oxidative capacity, ATP production, mitochon-
drial density, abnormal morphology and lower levels of
mitochondrial oxidative enzyme profile. To be more specific,
intracellular lipid accumulation results in reduced mitochon-
drial oxidative capacity in skeletal muscles of individuals
with T2DM (Martins et al., 2012). Similarly, studies on
patients with nonalcoholic fatty liver disease (NAFLD) show
mitochondrial abnormalities, including mitochondrial DNA
(mtDNA) depletion, decreased activities of mitochondrial
respiratory chain complexes (Tang et al., 2015), impaired
mitochondrial oxidation and ultra-structural lesions (Tanaka
et al., 2015). In obesity, triglycerides are overloaded in
adipose tissue and dyslipidemia causes increased lipolysis.
The increase in free fatty acid flux resulting from increased
lipolysis causes defects in glucose metabolism and insulin
resistance in non-adipose tissues. In contrast, lipodystrophy
causes excessive loss of adipose tissue, which also leads to
insulin resistance, T2DM and NAFLD (Ishii et al., 2015; Kim
et al., 2008; Martins et al., 2012; Tanaka et al., 2015).

Conclusion

This literature review identified various potential associations
between insulin resistance and lipid metabolism with
mitochondrial dysfunction; however, the findings of this
review suggest further investigation to address the gaps in the
current literature. Once the underlying mechanisms of ROS,
lipid accumulation, inflammation and other factors in
mitochondrial dysfunction and their roles in insulin resistance
are better understood and the proposed molecular mechan-
isms are described with definite mechanisms, personalized
treatments and tailored therapy can be developed to improve
the quality of life and even the life expectancy in the diabetic
patients. Among all these proposed molecular mechanisms

for insulin resistance, inflammation, oxidative stress and lipid
accumulation have been the three most important mechan-
isms; however, a large number of clinical trials have failed to
demonstrate beneficial effects of antioxidants on these
pathologies. In addition, they showed the role of mROS
changes under different environmental situations, and that the
antioxidants’ inhibition of mROS does have an ambiguous
outcome on cell function. Therefore, this review paves the
way to identify specific molecular targets of mROS under
different environmental conditions, although additional
studies needed to put an end to all those obscure myths
about the role of mROS in mitochondrial dysfunction and the
related sequela, especially insulin resistance and T2D. The
current review revealed that mitochondria are key players in
oxidative disposal of excess fatty acids and modulate the
distribution of body fat. Excessive levels of fatty acids are
harmful to mitochondria and mitochondrial damage in turn
decreases the capacity for beta-oxidation of fatty acids,
resulting in the accumulation of triglycerides in other tissues,
including liver and pancreatic beta cells. These events induce
metabolic dysregulation of the liver and pancreatic beta cells,
and in turn induce insulin resistance and inadequate insulin
secretion, finally increasing the possibility of diabetes in the
patients.

Declaration of conflicting interests

The authors have no conflicts of interest.

References

Aguirre-Rueda D, Guerra-Ojeda S, Aldasoro M, Iradi A, Obrador E,

Ortega A, Mauricio M D, Vila J M, Valles S L (2015). Astrocytes

protect neurons from Aβ1-42 peptide-induced neurotoxicity increas-

ing TFAM and PGC-1 and decreasing PPAR-g and SIRT-1. Int J Med

Sci, 12(1): 48–56

Antos-Krzeminska N, Jarmuszkiewicz W (2014). External NAD(P)H

dehydrogenases in Acanthamoeba castellanii mitochondria. Protist,

165(5): 580–593

Bakar M H A, Sarmidi M R, Kai C K, Huri H Z, Yaakob H (2014).

Amelioration of mitochondrial dysfunction-induced insulin resis-

tance in differentiated 3T3-L1 adipocytes via inhibition of NF-kB
pathways. Int J Mol Sci, 15(12): 22227–22257

Bakhtiyari S, Meshkani R, Taghikhani M, Larijani B, Adeli K (2010).

Protein tyrosine phosphatase-1B (PTP-1B) knockdown improves

palmitate-induced insulin resistance in C2C12 skeletal muscle cells.

Lipids, 45(3): 237–244

Bandyopadhyay G K, Lu M, Avolio E, Siddiqui J A, Gayen J R, Wollam

J, Vu C U, Chi N W, O’Connor D T, Mahata S K (2015).

Pancreastatin-dependent inflammatory signaling mediates obesity-

induced insulin resistance. Diabetes, 64(1): 104–116

Bettaieb A, Matsuo K, Matsuo I, Wang S, Melhem R, Koromilas A E,

Haj F G (2012). Protein tyrosine phosphatase 1B deficiency

potentiates PERK/eIF2α signaling in brown adipocytes. PLoS One,

Karimeh Haghani et al. 413



7(4): e34412

Bose S K, Kim H, Meyer K, Wolins N, Davidson N O, Ray R (2014).

Forkhead box transcription factor regulation and lipid accumulation

by hepatitis C virus. J Virol, 88(8): 4195–4203

Camões F, Islinger M, Guimarães S C, Kilaru S, Schuster M, Godinho L

F, Steinberg G, Schrader M (2015). New insights into the

peroxisomal protein inventory: Acyl-CoA oxidases and-dehydro-

genases are an ancient feature of peroxisomes. Biochim Biophys

Acta, 1853(1): 111–125

Carey A L, Vorlander C, Reddy-Luthmoodoo M, Natoli A K, Formosa

M F, Bertovic D A, Anderson M J, Duffy S J, Kingwell B A (2014).

Reduced UCP-1 content in in vitro differentiated beige/brite

adipocytes derived from preadipocytes of human subcutaneous

white adipose tissues in obesity. PLoS One, 9(3): e91997

Carey B W, Finley L W, Cross J R, Allis C D, Thompson C B (2015).

Intracellular α-ketoglutarate maintains the pluripotency of embryonic

stem cells. Nature, 518(7539): 413–416

Chen L, Liu T, Zhang S, Zhou J, Wang Y, Di W (2014). Succinate

dehydrogenase subunit B inhibits the AMPK-HIF-1α pathway in

human ovarian cancer in vitro. J Ovarian Res, 7(1): 115

Chinnery P (2014). Mitochondrial disorders overview. Synonyms:

mitochondrial encephalomyopathies, mitochondrial myopathies,

oxidative phosphorylation disorders, respiratory chain disorders.

GeneReviews Seattle: University of Washington

Chinnery P F, Elliott H R, Hudson G, Samuels D C, Relton C L (2012).

Epigenetics, epidemiology and mitochondrial DNA diseases. Int J

Epidemiol, 41(1): 177–187

Cook J R, Matsumoto M, Banks A S, Kitamura T, Tsuchiya K, Accili D

(2015). A Mutant Allele Encoding DNA-Binding-Deficient Foxo1

Differentially Regulates Hepatic Glucose and Lipid Metabolism.

Diabetes, 64(6): 1951–1965

Czibik G, Steeples V, Yavari A, Ashrafian H (2014). Citric acid cycle

intermediates in cardioprotection. Circ Cardiovasc Genet, 7(5): 711–719

Dadke S S, Li H C, Kusari A B, Begum N, Kusari J (2000). Elevated

expression and activity of protein-tyrosine phosphatase 1B in skeletal

muscle of insulin-resistant type II diabetic Goto-Kakizaki rats.

Biochem Biophys Res Commun, 274(3): 583–589

de Luca C, Olefsky J M (2008). Inflammation and insulin resistance.

FEBS Lett, 582(1): 97–105

Delibegovic M, Bence K K, Mody N, Hong E G, Ko H J, Kim J K, Kahn

B B, Neel B G (2007). Improved glucose homeostasis in mice with

muscle-specific deletion of protein-tyrosine phosphatase 1B. Mol

Cell Biol, 27(21): 7727–7734

Demine S, Reddy N, Renard P, Raes M, Arnould T (2014). Unraveling

biochemical pathways affected by mitochondrial dysfunctions using

metabolomic approaches. Metabolites, 4(3): 831–878

Desai G S, Mathews S T (2014). Saliva as a non-invasive diagnostic tool

for inflammation and insulin-resistance. World J Diabetes, 5(6): 730–

738

Ding H, Zhang Y, Xu C, Hou D, Li J, Zhang Y, PengW, Zen K, Zhang C

Y, Jiang X (2014). Norathyriol reverses obesity- and high-fat-diet-

induced insulin resistance in mice through inhibition of PTP1B.

Diabetologia, 57(10): 2145–2154

Dudley K J, Sloboda D M, Connor K L, Beltrand J, Vickers M H (2011).

Offspring of mothers fed a high fat diet display hepatic cell cycle

inhibition and associated changes in gene expression and DNA

methylation. PLoS One, 6(7): e21662

Egger G, Liang G, Aparicio A, Jones P A (2004). Epigenetics in human

disease and prospects for epigenetic therapy. Nature, 429(6990):

457–463

Elchebly M, Payette P, Michaliszyn E, Cromlish W, Collins S, Loy A L,

Normandin D, Cheng A, Himms-Hagen J, Chan C C, Ramachandran

C, Gresser M J, Tremblay M L, Kennedy B P (1999). Increased

insulin sensitivity and obesity resistance in mice lacking the protein

tyrosine phosphatase-1B gene. Science, 283(5407): 1544–1548

Fatland B L, Ke J, Anderson M D, Mentzen W I, Cui L W, Allred C C,

Johnston J L, Nikolau B J, Wurtele E S (2002). Molecular

characterization of a heteromeric ATP-citrate lyase that generates

cytosolic acetyl-coenzyme A in Arabidopsis. Plant Physiol, 130(2):

740–756

Ferber E C, Peck B, Delpuech O, Bell G P, East P, Schulze A (2012).

FOXO3a regulates reactive oxygen metabolism by inhibiting

mitochondrial gene expression. Cell Death Differ, 19(6): 968–979

Ferla M P, Thrash J C, Giovannoni S J, Patrick WM (2013). New rRNA

gene-based phylogenies of the Alphaproteobacteria provide perspec-

tive on major groups, mitochondrial ancestry and phylogenetic

instability. PLoS One, 8(12): e83383

Forkink M, Manjeri G R, Liemburg-Apers D C, Nibbeling E, Blanchard

M, Wojtala A, Smeitink J A, Wieckowski M R, Willems P H,

Koopman W J (2014). Mitochondrial hyperpolarization during

chronic complex I inhibition is sustained by low activity of complex

II, III, IV and V. Biochim Biophys Acta, 1837(8): 1247–1256

Freund-Michel V, Khoyrattee N, Savineau J P, Muller B, Guibert C

(2014). Mitochondria: roles in pulmonary hypertension. Int J

Biochem Cell Biol, 55: 93–97

Freund-Michel V, Khoyrattee N, Savineau J P, Muller B, Guibert C

(2014). Mitochondria: roles in pulmonary hypertension. Int J

Biochem Cell Biol, 55: 93–97

FrohmanMA (2015). Role of mitochondrial lipids in guiding fission and

fusion. J Mol Med (Berl), 93(3): 263–269

Fukao T, Mitchell G, Sass J O, Hori T, Orii K, Aoyama Y (2014).

Ketone body metabolism and its defects. J Inherit Metab Dis, 37(4):

541–551

Garcia de la Garma J, Fernandez-Garcia N, Bardisi E, Pallol B, Asensio-

Rubio J S, Bru R, Olmos E (2015). New insights into plant salt

acclimation: the roles of vesicle trafficking and reactive oxygen

species signalling in mitochondria and the endomembrane system.

New Phytol, 205(1): 216–239

Ge Z J, Luo S M, Lin F, Liang Q X, Huang L, Wei Y C, Hou Y, Han Z

M, Schatten H, Sun Q Y (2014). DNA methylation in oocytes and

liver of female mice and their offspring: effects of high-fat-diet-

induced obesity. Environ Health Perspect, 122(2): 159–164

Genova M L, Lenaz G (2014). Functional role of mitochondrial

respiratory supercomplexes. Biochim Biophys Acta, 1837(4): 427–

443

Gogga P, Karbowska J, Meissner W, Kochan Z (2011). Role of leptin in

the regulation of lipid and carbohydrate metabolism. Postepy Hig

Med Dosw (Online), 65: 255–62

Gogoi B, Chatterjee P, Mukherjee S, Buragohain A K, Bhattacharya S,

Dasgupta S (2014). A polyphenol rescues lipid induced insulin

414 Mitochondria and lipid metabolism in diabetes



resistance in skeletal muscle cells and adipocytes. Biochem Biophys

Res Commun, 452(3): 382–388

Goldstein B J (1993). Regulation of insulin receptor signaling by

protein-tyrosine dephosphorylation. Receptor, 3(1): 1–15

Graham E J, Adler F R (2014). Long-term models of oxidative stress and

mitochondrial damage in insulin resistance progression. J Theor Biol,

340: 238–250

Gu P, Liu W, Shao J, Lu B, Wang Y, Jiang W, Jiang S (2010). Protein

tyrosine phosphatase 1B gene polymorphisms and obesity-related

hypertension: a case-control study in Chinese population. Shengwu

Yixue Gongcheng Yu Linchuang, 14(5): 442–446

Haj F G, Zabolotny J M, Kim Y B, Kahn B B, Neel B G (2005). Liver-

specific protein-tyrosine phosphatase 1B (PTP1B) re-expression

alters glucose homeostasis of PTP1B-/-mice. J Biol Chem, 280(15):

15038–15046

Harijith A, Ebenezer D L, Natarajan V (2014). Reactive oxygen species

at the crossroads of inflammasome and inflammation. Front Physiol,

5: 352

Hasan N M, Longacre M J, Stoker S W, Kendrick M A, MacDonald M J

(2015). Mitochondrial malic enzyme 3 is important for insulin

secretion in pancreatic β-cells. Mol Endocrinol, 29(3): 396–410

Hiltunen J K, Autio K J, Schonauer M S, Kursu V A, Dieckmann C L,

Kastaniotis A J (2010). Mitochondrial fatty acid synthesis and

respiration. Biochim Biophys Acta, 1797(6-7): 1195–1202

Hynes M J, Murray S L (2010). ATP-citrate lyase is required for

production of cytosolic acetyl coenzyme A and development in

Aspergillus nidulans. Eukaryot Cell, 9(7): 1039–1048

Ishii M, Maeda A, Tani S, Akagawa M (2015). Palmitate induces insulin

resistance in human HepG2 hepatocytes by enhancing ubiquitination

and proteasomal degradation of key insulin signaling molecules.

Arch Biochem Biophys, 566: 26–35

Ishii M, Maeda A, Tani S, Akagawa M (2015). Palmitate induces insulin

resistance in human HepG2 hepatocytes by enhancing ubiquitination

and proteasomal degradation of key insulin signaling molecules.

Arch Biochem Biophys, 566: 26–35

Jacobsen S C, Brøns C, Bork-Jensen J, Ribel-Madsen R, Yang B, Lara E,

Hall E, Calvanese V, Nilsson E, Jørgensen S W, Mandrup S, Ling C,

Fernandez A F, Fraga M F, Poulsen P, Vaag A (2012). Effects of

short-term high-fat overfeeding on genome-wide DNA methylation

in the skeletal muscle of healthy young men. Diabetologia, 55(12):

3341–3349

James AM,MurphyM P (2002). Howmitochondrial damage affects cell

function. J Biomed Sci, 9(6 Pt 1): 475–487

Javor E D, Cochran E K, Musso C, Young J R, Depaoli A M, Gorden P

(2005). Long-term efficacy of leptin replacement in patients with

generalized lipodystrophy. Diabetes, 54(7): 1994–2002

Johnson T O, Ermolieff J, Jirousek M R (2002). Protein tyrosine

phosphatase 1B inhibitors for diabetes. Nat Rev Drug Discov, 1(9):

696–709

Ka S O, Song M Y, Bae E J, Park B H (2015). Myeloid SIRT1 regulates

macrophage infiltration and insulin sensitivity in mice fed a high-fat

diet. J Endocrinol, 224(2): 109–118

Kadota Y, Kazama S, Bajotto G, Kitaura Y, Shimomura Y (2012).

Clofibrate-induced reduction of plasma branched-chain amino acid

concentrations impairs glucose tolerance in rats. JPEN J Parenter

Enteral Nutr, 36(3): 337–343

Kang L, Dai C, Lustig M E, Bonner J S, Mayes W H, Mokshagundam S,

James F D, Thompson C S, Lin C T, Perry C G, Anderson E J, Neufer

P D, Wasserman D H, Powers A C (2014). Heterozygous SOD2

deletion impairs glucose-stimulated insulin secretion, but not insulin

action, in high-fat-fed mice. Diabetes, 63(11): 3699–3710

Kathirvel E, Morgan K, French S W, Morgan T R (2013). Acetyl-L-

carnitine and lipoic acid improve mitochondrial abnormalities and

serum levels of liver enzymes in a mouse model of nonalcoholic fatty

liver disease. Nutr Res, 33(11): 932–941

Kathirvel E, Morgan K, French S W, Morgan T R (2013). Acetyl-L-

carnitine and lipoic acid improve mitochondrial abnormalities and

serum levels of liver enzymes in a mouse model of nonalcoholic fatty

liver disease. Nutr Res, 33(11): 932–941

Khalyfa A, Carreras A, Hakim F, Cunningham J M, Wang Y, Gozal D

(2013). Effects of late gestational high-fat diet on body weight,

metabolic regulation and adipokine expression in offspring. Int J

Obes (Lond), 37(11): 1481–1489

Kim J A, Wei Y, Sowers J R (2008). Role of mitochondrial dysfunction

in insulin resistance. Circ Res, 102(4): 401–414

Klaman L D, Boss O, Peroni O D, Kim J K, Martino J L, Zabolotny J M,

Moghal N, Lubkin M, Kim Y B, Sharpe A H, Stricker-Krongrad A,

Shulman G I, Neel B G, Kahn B B (2000). Increased energy

expenditure, decreased adiposity, and tissue-specific insulin sensi-

tivity in protein-tyrosine phosphatase 1B-deficient mice. Mol Cell

Biol, 20(15): 5479–5489

Koob S, Reichert A S (2014). Novel intracellular functions of

apolipoproteins: the ApoO protein family as constituents of the

Mitofilin/MINOS complex determines cristae morphology in mito-

chondria. Biol Chem, 395(3): 285–296

Kowalski G M, Kloehn J, Burch M L, Selathurai A, Hamley S, Bayol S

A, Lamon S, Watt M J, Lee-Young R S, McConville M J, Bruce C R

(2015). Overexpression of sphingosine kinase 1 in liver reduces

triglyceride content in mice fed a low but not high-fat diet. Biochim

Biophys Acta, 1851(2): 210–219

Krivoruchko A, Zhang Y, Siewers V, Chen Y, Nielsen J (2015).

Microbial acetyl-CoA metabolism and metabolic engineering. Metab

Eng, 28: 28–42

Kühn K, Yin G, Duncan O, Law S R, Kubiszewski-Jakubiak S, Kaur P,

Meyer E, Wang Y, Small C C, Giraud E, Narsai R, Whelan J (2015).

Decreasing electron flux through the cytochrome and/or alternative

respiratory pathways triggers common and distinct cellular responses

dependent on growth conditions. Plant Physiol, 167(1): 228–250

Laafi J, Homedan C, Jacques C, Gueguen N, Schmitt C, Puy H, Reynier

P, Carmen Martinez M, Malthièry Y (2014). Pro-oxidant effect of

ALA is implicated in mitochondrial dysfunction of HepG2 cells.

Biochimie, 106: 157–166

Lees E K, Krol E, Shearer K, Mody N, Gettys T W, Delibegovic M

(2015). Effects of hepatic protein tyrosine phosphatase 1B and

methionine restriction on hepatic and whole-body glucose and lipid

metabolism in mice. Metabolism, 64(2): 305–314

Lian J, Si T, Nair N U, Zhao H (2014). Design and construction of

acetyl-CoA overproducing Saccharomyces cerevisiae strains. Metab

Eng, 24: 139–149

Lian K, Du C, Liu Y, Zhu D, Yan W, Zhang H, Hong Z, Liu P, Zhang L,

Karimeh Haghani et al. 415



Pei H, Zhang J, Gao C, Xin C, Cheng H, Xiong L, Tao L (2015).

Impaired adiponectin signaling contributes to disturbed catabolism of

branched-chain amino acids in diabetic mice. Diabetes, 64(1): 49–59

Liu J, Li J, Li W J, Wang C M (2013). The role of uncoupling proteins in

diabetes mellitus. J Diabetes Res, 2013: 585897

Liu W, Cao H, Ye C, Chang C, Lu M, Jing Y, Zhang D, Yao X, Duan Z,

Xia H, Wang Y C, Jiang J, Liu M F, Yan J, Ying H (2014). Hepatic

miR-378 targets p110α and controls glucose and lipid homeostasis by

modulating hepatic insulin signalling. Nat Commun, 5(1): 5684

Lynch C J, Adams S H (2014). Branched-chain amino acids in metabolic

signalling and insulin resistance. Nat Rev Endocrinol, 10(12): 723–

736

Maassen J A, Janssen G M, ’t Hart L M (2005). Molecular mechanisms

of mitochondrial diabetes (MIDD). Ann Med, 37(3): 213–221

Martins A R, Nachbar R T, Gorjao R, Vinolo M A, Festuccia W T,

Lambertucci R H, Cury-Boaventura M F, Silveira L R, Curi R,

Hirabara S M (2012). Mechanisms underlying skeletal muscle insulin

resistance induced by fatty acids: importance of the mitochondrial

function. Lipids Health Dis, 11(1): 30

McArdle M A, Finucane O M, Connaughton R M, McMorrow A M,

Roche H M (2013). Mechanisms of obesity-induced inflammation

and insulin resistance: insights into the emerging role of nutritional

strategies. Front Endocrinol (Lausanne), 4: 52

Meshkani R, Taghikhani M, Al-Kateb H, Larijani B, Khatami S,

Sidiropoulos G K, Hegele R A, Adeli K (2007). Polymorphisms

within the protein tyrosine phosphatase 1B (PTPN1) gene promoter:

functional characterization and association with type 2 diabetes and

related metabolic traits. Clin Chem, 53(9): 1585–1592

Meshkani R, Taghikhani M, Mosapour A, Larijani B, Khatami S,

Khoshbin E, Ahmadvand D, Saeidi P, Maleki A, Yavari K, Nasoohi

N, Adeli K (2007). 1484insG polymorphism of the PTPN1 gene is

associated with insulin resistance in an Iranian population. Arch Med

Res, 38(5): 556–562

Mizukami H, Takahashi K, Inaba W, Tsuboi K, Osonoi S, Yoshida T,

Yagihashi S (2014). Involvement of oxidative stress-induced DNA

damage, endoplasmic reticulum stress, and autophagy deficits in the

decline of β-cell mass in Japanese type 2 diabetic patients. Diabetes

Care, 37(7): 1966–1974

Montgomery M K, Turner N (2015). Mitochondrial dysfunction and

insulin resistance: an update. Endocr Connect, 4(1): R1–R15

Morgan P G, Higdon R, Kolker N, Bauman A T, Ilkayeva O, Newgard C

B, Kolker E, Steele L M, Sedensky M M (2015). Comparison of

proteomic and metabolomic profiles of mutants of the mitochondrial

respiratory chain in Caenorhabditis elegans. Mitochondrion, 20: 95–

102

Munday D C, Howell G, Barr J N, Hiscox J A (2014). Proteomic analysis

of mitochondria in respiratory epithelial cells infected with human

respiratory syncytial virus and functional implications for virus and

cell biology. The Journal of pharmacy and pharmacology, Muthu-

lakshmi S, Chakrabarti A K, Mukherjee S.(2015) Gene expression

profile of high-fat diet-fed C57BL/6J mice: in search of potential role

of azelaic acid. J Physiol Biochem, 71(1): 29–42

Narbonne H, Paquis-Fluckinger V, Valero R, Heyries L, Pellissier J F,

Vialettes B (2004). Gastrointestinal tract symptoms in maternally

inherited diabetes and deafness (MIDD). Diabetes Metab, 30(1): 61–

66

Neustadt J, Pieczenik S R (2008). Medication-induced mitochondrial

damage and disease. Mol Nutr Food Res, 52(7): 780–788

Ng F, Tang B L (2014). Pyruvate dehydrogenase complex (PDC) export

from the mitochondrial matrix. Mol Membr Biol, 31(7-8): 207–210

Nieto-Vazquez I, Fernández-Veledo S, de Alvaro C, Rondinone C M,

Valverde A M, Lorenzo M (2007). Protein-tyrosine phosphatase 1B-

deficient myocytes show increased insulin sensitivity and protection

against tumor necrosis factor-α-induced insulin resistance. Diabetes,

56(2): 404–413

Obre E, Rossignol R (2015). Emerging concepts in bioenergetics and

cancer research: metabolic flexibility, coupling, symbiosis, switch,

oxidative tumors, metabolic remodeling, signaling and bioenergetic

therapy. Int J Biochem Cell Biol, 59: 167–181

Pan T, Gao L, Wu G, Shen G, Xie S, Wen H, Yang J, Zhou Y, Tu Z, Qian

W (2015). Elevated expression of glutaminase confers glucose

utilization via glutaminolysis in prostate cancer. Biochem Biophys

Res Commun, 456(1): 452–458

Patwardhan G A, Beverly L J, Siskind L J (2016). Sphingolipids and

mitochondrial apoptosis. J Bioenerg Biomembr, 48(2): 153–168

Pereira S, Breen D M, Naassan A E, Wang P Y, Uchino H, Fantus I G,

Carpentier A C, Gutierrez-Juarez R, Brindley D N, Lam T K, Giacca

A (2015). In vivo effects of polyunsaturated, monounsaturated, and

saturated fatty acids on hepatic and peripheral insulin sensitivity.

Metabolism, 64(2): 315–322

Pillai V B, Sundaresan N R, Gupta M P (2014). Regulation of Akt

signaling by sirtuins: its implication in cardiac hypertrophy and

aging. Circ Res, 114(2): 368–378

Roth M, Chen W Y (2014). Sorting out functions of sirtuins in cancer.

Oncogene, 33(13): 1609–1620

Salerno A, Fragasso G, Esposito A, Canu T, Lattuada G, Manzoni G, Del

Maschio A, Margonato A, De Cobelli F, Perseghin G (2015). Effects

of short-term manipulation of serum FFA concentrations on left

ventricular energy metabolism and function in patients with heart

failure: no association with circulating bio-markers of inflammation.

Acta diabetologica, Sena L A, Chandel N S.(2012) Physiological

roles of mitochondrial reactive oxygen species. Mol Cell, 48(2): 158–

167

Shaikh S R, Sullivan E M, Alleman R J, Brown D A, Zeczycki T N

(2014). Increasing mitochondrial membrane phospholipid content

lowers the enzymatic activity of electron transport complexes.

Biochemistry, 53(35): 5589–5591

Shin S Y, Kim T H, Wu H, Choi Y H, Kim S G (2014). SIRT1 activation

by methylene blue, a repurposed drug, leads to AMPK-mediated

inhibition of steatosis and steatohepatitis. Eur J Pharmacol, 727: 115–

124

Shokouhi S, Haghani K, Borji P, Bakhtiyari S (2015). Association

between PGC-1alpha gene polymorphisms and type 2 diabetes risk: a

case-control study of an Iranian population. Can J Diabetes, 39(1):

65–72

Smiljanic K, Vanmierlo T, Mladenovic Djordjevic A, Perovic M,

Ivkovic S, Lütjohann D, Kanazir S (2014). Cholesterol metabolism

changes under long-term dietary restrictions while the cholesterol

homeostasis remains unaffected in the cortex and hippocampus of

aging rats. Age (Dordr), 36(3): 9654

416 Mitochondria and lipid metabolism in diabetes



Song X, Wang B, Lin S, Jing L, Mao C, Xu P, Lv C, Liu W, Zuo J

(2014). Astaxanthin inhibits apoptosis in alveolar epithelial cells type

II in vivo and in vitro through the ROS-dependent mitochondrial

signalling pathway. J Cell Mol Med, 18(11): 2198–2212

Stefanowicz M, Strączkowski M, Karczewska-Kupczewska M (2015).

The role of SIRT1 in the pathogenesis of insulin resistance in skeletal

muscle. Postepy Hig Med Dosw (Online), 69: 63–68

Suter M, Bocock P, Showalter L, Hu M, Shope C, McKnight R, Grove

K, Lane R, Aagaard-Tillery K (2011). Epigenomics: maternal high-

fat diet exposure in utero disrupts peripheral circadian gene

expression in nonhuman primates. FASEB J, 25(2): 714–726

Suzuki Y, Nishimaki K, Taniyama M, Muramatsu T, Atsumi Y,

Matsuoka K, Ohta S (2004). Lipoma and opthalmoplegia in

mitochondrial diabetes associated with small heteroplasmy level of

3243 tRNA(Leu(UUR)) mutation. Diabetes Res Clin Pract, 63(3):

225–229

Taheripak G, Bakhtiyari S, Rajabibazl M, Pasalar P, Meshkani R (2013).

Protein tyrosine phosphatase 1B inhibition ameliorates palmitate-

induced mitochondrial dysfunction and apoptosis in skeletal muscle

cells. Free Radic Biol Med, 65: 1435–1446

Tanaka N, Takahashi S, Matsubara T, Jiang C, Sakamoto W, Chanturiya

T, Teng R, Gavrilova O, Gonzalez F J (2015). Adipocyte-specific

disruption of fat-specific protein 27 causes hepatosteatosis and

insulin resistance in high-fat diet-fed mice. J Biol Chem, 290(5):

3092–3105

Tanaka N, Takahashi S, Matsubara T, Jiang C, Sakamoto W, Chanturiya

T, Teng R, Gavrilova O, Gonzalez F J (2015). Adipocyte-specific

disruption of fat-specific protein 27 causes hepatosteatosis and

insulin resistance in high-fat diet-fed mice. J Biol Chem, 290(5):

3092–3105

Tang X, Shen T, Jiang X, Xia M, Sun X, Guo H, LingW (2015). Purified

anthocyanins from bilberry and black currant attenuate hepatic

mitochondrial dysfunction and steatohepatitis in mice with methio-

nine and choline deficiency. J Agric Food Chem, 63(2): 552–561

Taylor E M, Jones A D, Henagan T M (2014). A review of

mitochondrial-derived fatty acids in epigenetic regulation of obesity

and type 2 diabetes. J Nutrit Health Food Sci, 2(3): 1–4

Tzivion G, Dobson M, Ramakrishnan G (2011). FoxO transcription

factors; Regulation by AKT and 14–3-3 proteins. Biochimica et

Biophysica Acta (BBA)-. Molecular Cell Research, 1813(11): 1938–

1945

Udagawa C, Tada N, Asano J, Ishioka K, Ochiai K, Bonkobara M,

Tsuchida S, Omi T (2014). The genetic association study between

polymorphisms in uncoupling protein 2 and uncoupling protein 3 and

metabolic data in dogs. BMC Res Notes, 7(1): 904

Vakili S, Ebrahimi S S S, Sadeghi A, Gorgani-Firuzjaee S, Beigy M,

Pasalar P, Meshkani R (2013). Hydrodynamic-based delivery of

PTP1B shRNA reduces plasma glucose levels in diabetic mice. Mol

Med Rep, 7(1): 211–216

Venediktova N, Shigaeva M, Belova S, Belosludtsev K, Belosludtseva

N, Gorbacheva O, Lezhnev E, Lukyanova L, Mironova G (2013).

Oxidative phosphorylation and ion transport in the mitochondria of

two strains of rats varying in their resistance to stress and hypoxia.

Mol Cell Biochem, 383(1-2): 261–269

Villena J A (2014). New insights into PGC-1 coactivators: redefining

their role in the regulation of mitochondrial function and beyond.

FEBS J, 282(4):647–672

Vyssokikh M Y, Antonenko Y N, Lyamzaev K G, Rokitskaya T I,

Skulachev V P (2015). Methodology for use of mitochondria-

targeted cations in the field of oxidative stress-related research.

Mitochondrial Medicine: Volume II, Manipulating Mitochondrial

Function, 149–159

Wang Q, Sun X, Li X, Dong X, Li P, Zhao L (2015). Resveratrol

attenuates intermittent hypoxia-induced insulin resistance in rats:

involvement of Sirtuin 1 and the phosphatidylinositol-4,5-bispho-

sphate 3-kinase/AKT pathway. Mol Med Rep, 11(1): 151–158

Wang S P, Yang H, Wu J W, Gauthier N, Fukao T, Mitchell G A (2014).

Metabolism as a tool for understanding human brain evolution: lipid

energy metabolism as an example. J Hum Evol, 77: 41–49

Wang S P, Yang H, Wu J W, Gauthier N, Fukao T, Mitchell G A (2014).

Metabolism as a tool for understanding human brain evolution: lipid

energy metabolism as an example. J Hum Evol, 77: 41–49

Williams A S, Kang L, Zheng J, Grueter C, Bracy D P, James F D, Pozzi

A, Wasserman D H (2015). Integrin α1-null mice exhibit improved

fatty liver when fed a high fat diet despite severe hepatic insulin

resistance. J Biol Chem, 290(10): 6546–6557

Wright E Jr, Scism-Bacon J L, Glass L C (2006). Oxidative stress in type

2 diabetes: the role of fasting and postprandial glycaemia. Int J Clin

Pract, 60(3): 308–314

Wuttke A (2015). Lipid signalling dynamics at the β-cell plasma

membrane. Basic Clin Pharmacol Toxicol, 116(4): 281–290

Yki-Järvinen H (2005). Fat in the liver and insulin resistance. Ann Med,

37(5): 347–356

Yki-Järvinen H, Westerbacka J (2005). The fatty liver and insulin

resistance. Curr Mol Med, 5(3): 287–295

Yu H, Yang Z, Ding X, Wang Y, Han Y (2014). Correlation between the

different chain lengths of free fatty acid oxidation and ability of

trophoblastic invasion. Chin Med J (Engl), 127(19): 3378–3382

Zabolotny J M, Haj F G, Kim Y B, Kim H J, Shulman G I, Kim J K, Neel

B G, Kahn B B (2004). Transgenic overexpression of protein-

tyrosine phosphatase 1B in muscle causes insulin resistance, but

overexpression with leukocyte antigen-related phosphatase does not

additively impair insulin action. J Biol Chem, 279(23): 24844–24851

Zhao Y, Ling F, Griffin T M, He T, Towner R, Ruan H, Sun X H (2014).

Up-regulation of the Sirtuin 1 (Sirt1) and peroxisome proliferator-

activated receptor g coactivator-1α (PGC-1α) genes in white adipose

tissue of Id1 protein-deficient mice: implications in the protection

against diet and age-induced glucose intolerance. J Biol Chem, 289

(42): 29112–29122

Zhong H, Yin H (2015). Role of lipid peroxidation derived 4-

hydroxynonenal (4-HNE) in cancer: focusing on mitochondria.

Redox Biol, 4: 193–199

Zhu M, Du J, Chen S, Liu A D, Holmberg L, Chen Y, Zhang C, Tang C,

Jin H (2014). L-cystathionine inhibits the mitochondria-mediated

macrophage apoptosis induced by oxidized low density lipoprotein.

Int J Mol Sci, 15(12): 23059–23073

Zhu M, Du J, Chen S, Liu A D, Holmberg L, Chen Y, Zhang C, Tang C,

Jin H (2014). L-cystathionine inhibits the mitochondria-mediated

macrophage apoptosis induced by oxidized low density lipoprotein.

Int J Mol Sci, 15(12): 23059–23073

Karimeh Haghani et al. 417


	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit14a
	bmkcit15
	bmkcit16
	bmkcit17
	bmkcit18
	bmkcit19
	bmkcit20
	bmkcit21
	bmkcit22
	bmkcit23
	bmkcit24
	bmkcit25
	bmkcit26
	bmkcit27
	bmkcit28
	bmkcit29
	bmkcit30
	bmkcit31
	bmkcit32
	bmkcit33
	bmkcit34
	bmkcit35
	bmkcit36
	bmkcit37
	bmkcit38
	bmkcit39
	bmkcit40
	bmkcit41
	bmkcit42
	bmkcit43
	bmkcit44
	bmkcit45
	bmkcit46
	bmkcit47
	bmkcit48
	bmkcit49
	bmkcit50
	bmkcit51
	bmkcit52
	bmkcit53
	bmkcit54
	bmkcit55
	bmkcit56
	bmkcit57
	bmkcit58
	bmkcit59
	bmkcit60
	bmkcit61
	bmkcit62
	bmkcit63
	bmkcit64
	bmkcit65
	bmkcit66
	bmkcit67
	bmkcit68
	bmkcit69
	bmkcit70
	bmkcit71
	bmkcit72
	bmkcit73
	bmkcit74
	bmkcit75
	bmkcit76
	bmkcit77
	bmkcit78
	bmkcit79
	bmkcit80
	bmkcit81
	bmkcit82
	bmkcit83
	bmkcit84
	bmkcit85
	bmkcit86
	bmkcit87
	bmkcit88
	bmkcit89
	bmkcit90
	bmkcit91
	bmkcit92
	bmkcit93
	bmkcit94
	bmkcit95
	bmkcit96
	bmkcit97
	bmkcit98
	bmkcit99
	bmkcit100
	bmkcit101
	bmkcit102
	bmkcit103
	bmkcit104
	bmkcit105
	bmkcit106
	bmkcit107
	bmkcit108
	bmkcit109
	bmkcit110
	bmkcit111
	bmkcit112
	bmkcit113
	bmkcit114
	bmkcit115
	bmkcit116
	bmkcit117
	bmkcit118
	bmkcit119
	bmkcit120
	bmkcit121
	bmkcit122


