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ABSTRACT 

Diabetes mellitus is a complex metabolic disorder 
characterized by chronic hyperglycemia due to abso-
lute or relative lack of insulin. Though great efforts have 
been made to investigate the pathogenesis of diabetes, 
the underlying mechanism behind the development of 
diabetes and its complications remains unexplored. 
Cumulative evidence has linked mitochondrial modifi-
cation to the pathogenesis of diabetes and its compli-
cations and they are also observed in various tissues 
affected by diabetes. Proteomics is an attractive tool for 
the study of diabetes since it allows researchers to 
compare normal and diabetic samples by identifying 
and quantifying the differentially expressed proteins in 
tissues, cells or organelles. Great progress has already 
been made in mitochondrial proteomics to elucidate the 
role of mitochondria in the pathogenesis of diabetes 
and its complications. Further studies on the changes 
of mitochondrial protein specifically post-translational 
modifications during the diabetic state using proteomic 
tools, would provide more information to better under-
stand diabetes.  
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INTRODUCTION 

Diabetes mellitus has attracted the world’s attention with the 
alarming increase in number of positive diagnoses. The In-
ternational Diabetes Federation estimated that there were 
366 million people with diabetes in 2011 (Whiting et al., 2011). 
The estimated number of diagnosed cases has risen steadily 

over the past decade (151, 194, 246 and 285 million cases in 
2000, 2003, 2006, and 2010, respectively) and is expected to 
rise to 552 million by 2030 (Whiting et al., 2011). Diabetes 
mellitus is a complex metabolic disorder characterized by 
abnormal glucose homeostasis due to absolute or relative 
lack of insulin. Based on etiology, diabetes can be divided 
into two main forms: type 1 diabetes mellitus (T1DM); and 
type 2 diabetes mellitus (T2DM). T1DM is an autoimmune 
disease resulting from destruction of the insulin secreting 
pancreatic β cells leading to a complete absence of insulin in 
the body (Sparre et al., 2005), and accounts for 5%–10% of 
all diabetic cases. T2DM is characterized by relative insulin 
deficiency due to decreased insulin secretion by the β-cells 
and/or the decreased effect of insulin in the target tissues, 
also known as insulin resistance (IR) (Zimmet et al., 2001). 
T2DM is the most common form of diabetes and affects over 
90% of diabetic patients. In addition to the above, metabolic 
changes that occur during diabetes can also result in 
macrovascular complications leading to heart disease or 
peripheral arterial disease, and also the possibility of devel-
oping nephropathy, retinopathy, and neuropathy, all of which 
decrease the patient's quality of life and impose further burden 
on the health-care system (Madsen-Bouterse and Kowluru, 
2008). 

Despite intensive efforts to investigate the pathogenesis of 
diabetes, the triggering factors and underlying mechanisms 
behind the development of diabetes and its complications 
remain elusive. Cumulative evidence indicates that diabetes 
and its complications, at least partially, result from pathogenic 
process at the mitochondrial level (Lamson and Plaza, 2002; 
Sivitz and Yorek, 2009).  

In this review, we will address the close association be-
tween mitochondrial alterations and diabetes in different tis-
sues, and the application of mitochondrial proteomics to elu-
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cidate the pathogenesis of diabetes and its complications. 

A BRIEF INTRODUCTION TO MITOCHONDRIA 

Mitochondria are eukaryotic organelles that lie at the heart of 
cell life and death. Mitochondria perform several fundamental 
cellular processes including energy production, substance 
metabolism, apoptosis and ion homeostasis (Duchen, 2004). 
Mitochondria are unique organelles with a two-layer mem-
brane structure which separate the organelle into four com-
partments: the outer membrane, the intermembrane space, 
the inner membrane, and the matrix. The mitochondrial outer 
membrane, which encloses the entire organelle, contains 
numerous integral proteins that are involved in solute ex-
change, protein importing, and enzymes involved in diverse 
activities, including fatty acid elongation (Ruiz-Romero and 
Blanco, 2009). The intermembrane space, the space be-
tween the two membranes, contains proteins that play major 
roles in mitochondrial energetics and apoptosis, most notably 
cytochrome c. The mitochondrial inner membrane, which is 
highly impermeable to all molecules, contains proteins that 
perform oxidative phosphorylation (OXPHOS), protein im-
porting and substance exchange (Distler et al., 2008). The 
mitochondrial matrix, the space enclosed by the inner mem-
brane, contains about two-thirds of the total protein in the 
mitochondria, and is also the place where mitochondrial ge-
nome is contained.   

Mitochondria have their own genome and the machinery to 
manufacture their own RNAs and proteins, though the mito-
chondrial genome (mtDNA) only encodes a fraction of proteins 
that are fundamental for mitochondrial function. For example, 
mammalian mtDNA only encodes 2 rRNAs, 22 tRNAs and 13 
polypeptides that are all components of the respiration chain 
(Wallace, 1999), other mitochondrial proteins are encoded by 
the nuclear genome and imported into mitochondria. The im-
portance of mtDNA has been demonstrated by the appearance 
of mtDNA mutations in a variety of diseases including diabetes 
(Suzuki et al., 2005; Chan, 2006). 

MITOCHONDRIAL FUNCTION AND  
ABNORMALITIES IN DIABETES 

Mitochondria in type 1 diabetes  

Though mitochondria are not at the center of T1DM patho-
genesis, previous observations have shown mitochondrial 
perturbation in different tissues in animal models (Shen et al., 
2004; Bugger et al., 2009; Munusamy et al., 2009). Shen and 
coworkers discovered impaired mitochondrial function and 
increased oxidative stress in the heart of OVE26 mouse 
model with T1DM (Shen et al., 2004). Bugger and coworkers 
discovered that diabetes impacted mitochondrial functions 
differently in different tissues of T1DM Akita mice (Bugger et 
al., 2009). Munusamy and coworkers found that renal mito-

chondrial complex III was selectively altered in the early stage 
of streptozotocin (STZ)-induced T1DM in diabetic rats, which 
they state may partly contribute to pathogenesis of diabetic 
nephropathy (Munusamy et al., 2009).  

Mitochondria in type 2 diabetes 

T2DM is characterized by impaired insulin release in pancre-
atic β-cells and IR in target tissues (muscle, liver and adi-
pose). Cumulative evidence implicate that mitochondria play 
an important role in both processes, and mitochondrial dys-
function may be central to the pathogenesis of T2DM (Lowell 
and Shulman, 2005). Below is a description of the mitochon-
drial functions in various T2DM affected tissues and mito-
chondrial perturbations observed in these tissues. 

Insulin secretion tissue: pancreatic β-cells 

Insulin is synthesized and stored in pancreatic β-cells and the 
secretion of insulin within these cells is controlled largely by 
metabolism of fuels, foremostly blood glucose in the cells 
(Maechler et al., 2010). Mitochondria play a key role in the 
process of glucose-stimulated insulin secretion (GSIS) 
(Maechler and Wollheim, 2001; Maechler et al., 2006; Wied-
erkehr and Wollheim, 2006). In GSIS, mitochondria use the 
glucose-derived carbon to produce ATP which leads to an 
increase in the ATP/ADP ratio, which promotes the closure of 
the ATP-sensitive K+ channel. The closure of this channel 
depolarizes of the plasma membrane and causes volt-
age-gated calcium channels to open, leading to calcium influx 
and then insulin secretion. Besides ATP, some metabolic 
messengers derived from mitochondria, such as glutamate, 
GTP, cAMP and NADPH, also promote the GSIS process. In 
summary, mitochondria take centre stage in the control of 
insulin secretion in response to glucose fluctuation, so it is 
reasonable that mitochondrial dysfunction in the pancreatic 
β-cells would impair insulin secretion, in turn leading to dia-
betes.  

Functional and morphological modifications of mitochon-
dria in the pancreatic islets or pancreatic β-cells were ob-
served in T2DM patients and animal models. Anello and co-
workers observed reduced insulin secretion, lower ATP levels, 
impaired mitochondrial membrane potential and increased 
mitochondrial density volume in pancreatic islets of T2DM 
patients (Anello et al., 2005). Increases in shorter and swollen 
mitochondria have been observed in the β-cells from Zucker 
diabetic fatty rat model (ZDF rat, a model of obesity, IR, and 
diabetes) (Bindokas et al., 2003). All these results indicate a 
key role for mitochondria in the pathology of islets in T2DM. 

Target tissues of insulin action: skeletal muscle, adipose  
and liver 

Though dysfunction of pancreatic β-cells and IR are funda-
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mental abnormalities seen in T2DM, several lines of evidence 
indicate that IR occurs preceding β-cell dysfunction (Lowell 
and Shulman, 2005). IR is defined as impairment in the ability 
of insulin to exert its effect on glucose and lipid metabolism in 
target tissues (Turner and Heilbronn, 2008). IR exerts differ-
ent effects in different tissues: it reduces glucose uptake in 
muscle and adipose tissue whereas in liver results in reduced 
glycogen synthesis and inadequate suppression of glucose 
production and release into the blood. Despite intensive re-
search, the mechanisms underlying IR are not fully under-
stood, some studies have suggested that defects in mito-
chondrial function may play an important role in pathogenesis 
of IR and T2DM (Kim et al., 2008; Sivitz and Yorek, 2009). 
Here we will elucidate the function of mitochondria in three IR 
affected tissues: skeletal muscle, adipose and liver. 

Skeletal Muscle 

Skeletal muscle is the largest insulin-sensitive tissue and is 
the source for more than 80% of insulin-stimulated glucose 
uptake in human (Patti and Corvera, 2010), thus skeletal 
muscle is the predominant site of IR in T2DM (Mogensen et 
al., 2007).  

Mitochondria are extremely important for skeletal muscle, 
given the high energy demand for muscle contraction. Two 
types of mitochondria exist in skeletal muscle: one type sub-
sarcolemmal mitochondria (SSM), are clustered in proximity 
to the sarcolemma and appear round and dense in electron 
micrograph; the other type intermyofibrillar mitochondria 
(IFM), are embedded among the myofibrils and appear paler 
and lighter in the electron micrograph (Hood, 2001; Duchen, 
2004; Ritov et al., 2005). The different pools of mitochondria 
have different functions in skeletal muscle: IFM provide most 
of energy for muscle contraction, while SSM generate ATP 
for membrane functions, including ion-exchange, substrate 
transport, protein synthesis and cell signaling transduction 
(Ritov et al., 2005). Therefore SSM play an important role in 
the action of insulin, and defects in SSM contribute to the 
pathogenesis of IR and T2DM. This has been observed as 
deficiencies of SSM in the muscle of T2DM and obese vol-
unteers (Ritov et al., 2005). However, Chomentowski and 
coworkers found contradicting results where SSM were un-
affected but the numbers of IFM decreased in muscle from IR 
subjects and T2DM patients (Chomentowski et al., 2011). 
The reason for these discrepancies between studies may be 
related to different methods in counting mitochondrial popula-
tions and differences in the selection of control subjects. 

Several studies regarding skeletal muscle mitochondria 
provided evidence for aberrant muscle mitochondrial function 
in IR subjects and T2DM patients. Kelley and coworkers 
discovered reduced activity of NADH oxidoreductase and 
citrate synthase in the muscle mitochondria of T2DM volun-
teers compared to lean volunteers. They also observed 
smaller mitochondria and other changes in mitochondrial 

morphology in the T2DM volunteers (Kelley et al., 2002). 
Mogensen and coworkers discovered that respiratory func-
tion per mitochondrion was reduced in the skeletal muscle of 
T2DM patients compared with obese, nondiabetic subjects 
(Mogensen et al., 2007). Two microarray studies also showed 
decreased expression of sets of genes involved in OXPHOS 
and mitochondrial biogenesis in the muscle of diabetic sub-
jects (Mootha et al., 2003; Patti et al., 2003).   

Skeletal muscle mitochondrial dysfunction has also been 
observed in the IR offspring of T2DM parents (Petersen et al., 
2004; Morino et al., 2005; Befroy et al., 2007). Petersen and 
coworkers observed that mitochondrial phosphorylation was 
reduced by 30% in the muscle of IR offspring, indicating im-
paired mitochondrial activity (Petersen et al., 2004). Morino 
and coworkers found that mitochondrial density was reduced 
by 38% in the muscle of IR offspring, which would account for 
the decrease in mitochondrial functions and activity (Morino 
et al., 2005). These inherited defects in the activity of mito-
chondria would likely decrease the rate of muscle mitochon-
drial substance oxidation in these progeny decreasing lipid 
oxidation and accumulating fatty acid metabolites, this in turn 
could impair insulin signaling at the level of insulin receptor 
substrate 1 and cause the IR (Befroy et al., 2007).  

The reduced activities of the mitochondrial oxidative en-
zymes, lowered expression of mitochondrial OXPHOS pro-
teins, and alterations in mitochondrial number, density, mor-
phology and subcellular distribution in the muscle of T2DM 
patients and IR offspring seem to indicate the importance role 
of mitochondrial defects. However, Boushel observed no 
difference in oxidative phosphorylation and electron transport 
capacity between T2DM and healthy control subjects, when 
normalized for mitochondrial DNA content or citrate synthase 
activity, and attributed the observed defects in mitochondrial 
function in the muscle of T2DM to lower mitochondrial con-
tent (Boushel et al., 2007).  

Though dysfunction in muscle mitochondria was observed 
in T2DM patients and their first-degree IR offspring, the po-
tential mechanisms by which impaired muscle mitochondrial 
function could result in IR and T2DM is still under debate, and 
whether the observed mitochondrial dysfunction is the cause 
or the result of IR and T2DM remains controversial. 

Adipose  

Adipose tissue acts as a regulator of energy balance and 
glucose homeostasis through storage and turnover of triglyc-
erides, and the secretion of adipokines and peptide hor-
mones which affect food intake and energy expenditure 
(Rosen and Spiegelman, 2006; Guilherme et al., 2008). During 
feeding, adipose tissue accounts for 10%–15% of insulin- 
stimulated glucose uptake after a meal (as mentioned above 
skeletal muscle is the main user of this glucose), and stores 
excess energy in the form of triglyceride. During fasting, 
triglyceride is hydrolyzed into fatty acids, lipolysis, which is 
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transported into other tissues and oxidized for energy pro-
duction in the mitochondria. Mitochondria play an important 
role in both processes: synthesis and storage of triglycerides 
in adipose mitochondria; and oxidation of fatty acids into en-
ergy in the mitochondria of other tissues.  

Experimental evidence has linked adipose mitochondrial 
defects with obesity and T2DM in animal models. Choo and 
coworkers found that the levels of several key proteins of the 
mitochondrial respiratory chain, cellular mitochondrial DNA 
content and mitochondrial number were reduced in adipo-
cytes of diabetic db/db mice, but not in other tissues or in the 
ob/ob obese mice model. In addition, fatty acid oxidation and 
respiration were also dys-regulated in the adipocytes of dia-
betic mice (Choo et al., 2006). Wilson-Fritch and coworkers 
discovered that the abundance of ~50% of the mitochondrial 
protein-encoded gene transcripts were altered in white adi-
pocytes derived from epididymal fat pads of ob/ob mice when 
compared with related cells from C57BL/6J mice. Normal 
expression of those genes was recovered when treated with 
Rosiglitazone (an insulin sensitizer which binds to the PPAR 
receptors in fat cells and makes the cells more responsive to 
insulin). Along with the modifications in expression of the 
mitochondrial protein genes, fatty acid oxidation and oxygen 
consumption in mitochondria was increased in adipose 
treated with Rosiglitazone (Wilson-Fritch et al., 2004). The 
sum of the above results indicate that mitochondrial dysfunc-
tion in adipose tissue is correlated with T2DM. Further studies 
in human adipose would clarify the interaction between mi-
tochondrial function and IR. 

Liver 

The liver plays a key role in maintaining glucose homeostasis: 
via storage of glucose as glycogen or conversion of glucose 
to lipid, for export and storage in adipose tissue during feed-
ing; and via catabolism of glycogen, synthesis of glucose 
from noncarbohydrate sources such as amino acids (glu-
coneogenesis) and ketogenesis in the fasting state (Patti and 
Corvera, 2010). These systems of glucose homeostasis are 
modulated by insulin and other hormones, which regulate 
insulin signaling and gene expression, and in turn lead to 
inhibition or stimulation in glucose production. Mitochondria 
affect both processes in liver tissue through glucose metabo-
lism and gluconeogenesis.  

As there is a strong association between lipid accumula-
tion in liver tissues and IR (Kotronen et al., 2008), and since 
mitochondria play a key role in the lipid metabolism, it is rea-
sonable that liver mitochondria play a crucial role in the 
physiopathology of IR. Previous investigations observed al-
terations of liver mitochondrial morphology in the Ren2 rat 
model of IR and hypertension (Kim et al., 2008) and high-fat 
diet fed SD rats (Lieber et al., 2004). Vial and coworkers 
discovered that mitochondrial respiration was impaired in 
intact liver cells as well as in mitochondria isolated from rats 

that were fed with a high-fat diet for 8 weeks and presented 
with IR (Vial et al., 2010). Satapati and coworkers observed 
impaired hepatic mitochondrial fat oxidation in the ZDF rat 
(Satapati et al., 2008). These results suggest hepatic lipid 
accumulation and IR in liver tissues are ultimately linked to 
mitochondrial dysfunction.  

Mitochondria in diabetes complications 

Sustained hyperglycemia, a key feature of diabetes, dam-
ages vasculature throughout the body resulting in many 
chronic devastating macrovascular and microvascular com-
plications. Macrovascular complications include heart dis-
ease, stroke and peripheral vascular disease, whereas mi-
crovascular complications affect the organs that are heavily 
dependent on their microvasculature supply namely, eyes, 
kidneys, and nerves (Santos et al., 2010). 

It is important that cells are able to maintain glucose ho-
meostasis when exposed to hyperglycemic conditions by 
reducing the transport of glucose inside the cells. However, 
certain cell groups that are directly affected by diabetes 
complications (including the retinal capillary endothelial cells, 
mesangial cells in the renal glomeruli, and neuronal and 
Schwann cells in peripheral nerves) are unable to decrease 
glucose concentration, and are thus susceptible to damage 
(Forbes et al., 2008).  

Though independent biochemical pathways are involved 
in the pathogenesis of hyperglycemia-induced damage (in-
creased glucose flux through the aldose reductase pathway, 
increased formation of glucose-derived advanced glycation 
end products, glucose-induced activation of protein kinase C 
isoforms, and increased hexosamine pathway activity) (Ni-
shikawa et al., 2000; Brownlee, 2005; Forbes et al., 2008), a 
unified mechanism was proposed that overproduction of ROS 
by mitochondria in response to chronic hyperglycemia lead-
ing to oxidative stress and activating several stress-response 
pathway may be the major contributor to pathogenesis in 
complications from diabetes (Nishikawa et al., 2000; Brown-
lee, 2005; Nishikawa and Araki, 2007; Forbes et al., 2008). 
Besides that, mitochondrial pathway is also involved in cell 
apoptosis via releasing proteins that are involved in the 
apoptotic cascade, such as cytochrome c and apoptosis in-
ducing factor. From this viewpoint, mitochondria play an im-
portant role in the pathology of diabetes complications. Below 
we discuss mitochondrial perturbations observed in different 
tissues affected by diabetes complications.  

Heart 

Diabetes cardiomyopathy is a recognized complication of 
diabetes leading to increased risk of heart failure and death. 
Previous reports showed that diabetes directly affected the 
function of cardiac mitochondria (Bugger and Abel, 2010). 
Boudina and coworkers investigated heart mitochondrial 
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function in heart muscle fibers from db/db diabetic mice 
compared with controls. They showed that the mitochondrial 
oxidative capacity was reduced despite increased mitochon-
drial proliferation. In addition, they also discovered a de-
crease in the F1 α-subunit of ATP synthase and an increase 
in fatty acid induced proton leak mediated by activation of 
uncoupling proteins (UCP) (Boudina et al., 2007). These 
results indicated that mitochondrial energetics were impaired 
in the heart of db/db mice. Mariappan and coworkers discov-
ered that nuclear factor kappa-B (NF-κB) induced oxidative 
stress and contributed to mitochondrial and cardiac dysfunc-
tion in db/db mice (Mariappan et al., 2009). Mitochondrial 
abnormality was also observed in T1DM Akita mouse hearts 
(Bugger et al., 2008). 

Kidney 

Diabetic nephropathy is one of the main causes of morbidity 
and mortality in patients with diabetes (Phillips and Molitch, 
2002). Approximately 40% of T2DM patients will develop 
diabetic kidney disease, without effective intervention (Lewis 
and Lewis, 2003). Kartha and coworkers detected an    
increase in NADPH oxidase-4 (NOX-4) and decrease in  
superoxide dismutase 2 (SOD2) expression in mitochondria 
together with an increase in mitochondrial protein tyrosine 
nitration in the kidney tissue of diabetic mice fed on a high 
calorie and fat diet (Kartha et al., 2008). These results implied 
that mitochondrial function was impaired in the kidney of 
diabetic mice (Kartha et al., 2008).  

Retina 

Diabetic retinopathy (DR), the leading cause of acquired 
blindness in young adults, is also a major complication of 
diabetes (Santos et al., 2011). Retinal mitochondrial bio-
genesis is impaired in STZ-induced diabetic wild-type mice 
compared with STZ-induced diabetic mice overexpressing 
MnSOD (Santos et al., 2011; Tewari et al., 2012). Overex-
pression of MnSOD protects the retina from diabetes induced 
oxidative stress and the development of DR (Kanwar et al., 
2007). High glucose has been reported to disrupt mitochon-
drial morphology and influence mitochondrial function in 
retinal endothelial cells (Trudeau et al., 2010). In all, mito-
chondria play an important role in the development of DR. 

Nerve  

Diabetic neuropathy is the most common complication of 
diabetes and affects the sensory and autonomic nervous 
systems and imposes a great burden on the health of the 
patient (Leinninger et al., 2006b). There is growing evidence 
that oxidative stress is the key pathological process that in-
duces nerve damage in diabetes cases (Verkhratsky and 
Fernyhough, 2008), and mitochondria are specific targets of 

oxidative stress-induced injury (Schmeichel et al., 2003). 
Mitochondria are essentially important for neuronal function 
because 90% of the ATP required for the normal functioning 
of neurons is provided by mitochondria. Previous studies 
showed that diabetes altered the activity of brain mitochon-
dria isolated from aged Goto-Kakizaki (GK) diabetic rats 
(Moreira et al., 2005a) and STZ diabetic rats (Moreira et al., 
2005b). Abnormalities in mitochondrial ultrastructure and 
changes in mitochondrial number and size were also ob-
served in the sensory fibers of the dorsal root and in the 
sympathetic ganglia in human and animal models (Ferny-
hough et al., 2010; Chowdhury et al., 2012). Mitochondrial 
injury was also observed in neurons treated with high glucose 
(Leinninger et al., 2006a; Yu et al., 2008). Leinninger and 
coworkers observed that mitochondria in dorsal root ganglia 
(DRG) neurons undergo hyperglycemia-mediated injury 
through BAX, Bim, and mitochondrial fission protein Drp1 
(Leinninger et al., 2006a). Yu and coworkers found that high 
glucose induces mitochondrial fragmentation through ele-
vated production of ROS (Yu et al., 2008). All these observa-
tions highlighted the importance of mitochondrial impairment 
in diabetic neuropathy. 

MITOCHONDRIAL PROTEOMICS APPLIED TO 
DIABETES RESEARCH 

As diabetes is a complicated metabolic disorder that influ-
ences many tissues, and mitochondria dysfunction has been 
described in these tissues, there have been many research 
attempts to characterize differentially expressed mitochon-
drial proteins in various tissues connected to diabetes pa-
thology. Proteomics is an attractive tool for the study of this 
complicated disease, since it allows researchers to globally 
compare the protein expression profile and protein modifica-
tions in tissues, cells or organelles from normal and diseased 
states. Below we discuss the technologies used in mito-
chondrial proteome research and the application of mito-
chondrial proteomics to elucidate the mechanisms in diabe-
tes (Table 1).  

Comparative mitochondrial proteomic technologies 

The basic procedure for comparative mitochondrial pro-
teomics research includes mitochondrial isolation, large-scale 
separation of mitochondrial proteins, and protein identification 
and quantification by mass spectrometry.  

Mitochondrial isolation methods for proteomic analysis  

The most effective method for mitochondrial isolation is cen-
trifugation though several other techniques, such as free flow 
electrophoresis (Zischka et al., 2003), have been applied. A 
crude mitochondrial fraction is harvested using differential 
centrifugation involving low speed centrifugation (600–800 g) 
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Figure 1.  Strategies used in comparative mitochondrial proteomics 
 
to remove nucleus and cell debris, and then again at high 
speed (10,000–25,000 g). However, crude mitochondrial 
fractions contain many contaminations from other subcellular 
organelles, such as endoplasmic reticulum, lysosomes. To 
reduce these contaminants, mitochondria are further purified 
using density gradient centrifugation with sucrose (Rezaul et 
al., 2005), nycodenz (Li et al., 2009; Cui et al., 2010), percoll 
(Pagliarini et al., 2008) or metrizamide (Taylor et al., 2003). 
However, complete purification is virtually impossible despite 
the best efforts of researchers and that fact that these con-
taminations may only transiently exist in the mitochondria. 

Gel-based proteomic strategies 

The quantitative strategies for mitochondrial proteomics re-
search include gel-based strategies and MS-based strategies 
(gel-free strategies). The standard gel-based strategy is 
two-dimensional gel electrophoresis (2-DE) (Rabilloud et al., 
2010) in which proteins are separated by their isoelectric 
points on immobilized pH gradient strips, and then by size on 
conventional SDS-PAGE. The gels are then stained with 
coomassie brilliant blue, sliver, or fluorescent dyes SYPRO 

Ruby (Patton, 2000) to visualize the protein spots in the gel. 
Gel images are analyzed with bioinformatic tools to find the 
differentially expressed protein spots, subsequently these 
protein spots are picked from the gel, in-gel digested with 
protease, and then subjected to MS analysis to identify the 
protein. Differential in-gel electrophoresis (DIGE) is a modi-
fied version of 2-DE which labels protein samples with dif-
ferent fluorescence tags (Cy2, Cy3, Cy5) then mixes them 
together and runs them on the same two-dimensional gel 
(D'Hertog et al., 2006). As pooled samples behave as an 
internal standard for quantification, DIGE reduces inter-gel 
variation and false positives in quantification. Although 
gel-based strategies can separate thousands of proteins in 
one gel and offer antibody-free technique for detection of 
protein PTM (Rabilloud et al., 2010), they suffer shortcomings 
when analyzing hydrophobic, basic and low-abundant mito-
chondrial proteins. 

MS-based proteomic strategies 

To overcome the limitation of gel-based strategies, more and 
more researchers have applied MS-based quantitative 
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strategies to compare differentially expressed mitochondrial 
proteins. The MS-based quantitative strategies, including 
stable isotope-labeling quantification and label-free quantifi-
cation, rely on LC-MS/MS data to perform the comparison. 
Stable isotope-labeling strategies perform relative quantifica-
tion by introducing an identical chemical tag of different mass 
to proteins in different samples. Commonly applied technolo-
gies in mitochondrial proteomics research include SILAC, 
stable isotope labeling by amino acids in cell culture (Ong et 
al., 2002), and iTRAQ, isobaric tags for relative and absolute 
quantification (Ross et al., 2004). SILAC acts by metabolically 
incorporating the stable isotope amino acids into proteins at 
the cell culture level, and then mitochondria are purified from 
combinations of cell populations that are labeled with different 
isotopes. Though SILAC is a simple and accurate quantitative 
proteomic tool, it could only be used in cell culture level and is 
not applicable to samples from tissues. iTRAQ supplies this  
gap by incorporating the stable isotope tags at the peptide 
level. In iTRAQ, mitochondrial proteins from different samples 
are digested into peptides, after that, peptides are labeled 
separately with different isotopic variants of iTRAQ reagents 
and then combined for LC-MS/MS analysis. These stable 
isotope-labeling approaches have advantages in quantifica-
tion accuracy and reproducibility when comparing protein 
changes in complex mitochondrial samples. However, most 
labeling-based quantification approaches suffer potential 
limitations, including limited linear dynamic range, high cost of 
the labeling reagents and increased time and complexity of 
sample preparation. Furthermore, only iTRAQ allows com-
pare multiple samples (up to eight) at the same time. The 
other labeling methods could only compare protein changes 
between two or three different samples. 

Label-free quantification compares the mass spectromet-
ric signal intensity or chromatographic peak area of peptide 
precursor ions that belong to a particular protein, or by com-
paring the number of MS/MS spectra that identify peptides of 
a given protein (Zhu et al., 2010). These approaches are less 
accurate compared to stable isotope-labeling approaches 
because all the systematical and non-systematical varia-
tions between experiments are present in the data; however, 
they provide higher dynamic range of quantification and 
deeper proteome coverage (Bantscheff et al., 2007). 
Moreover, there is no limit to the number of samples that 
can be compared. Therefore, label-free quantification ap-
proaches are advantageous for investigating large and 
global protein changes between different samples. A brief 
summary of the strategies used in mitochondrial proteomics 
research is shown in Fig. 1. 

Proteomic techniques for protein post-translational 
modifications (PTM) analysis  

As post-translational modifications (PTM) of mitochondrial 
proteins have been reported to regulate in mitochondrial 

functions in diabetes, several studies are conducted to inves-
tigate the PTMs of mitochondrial proteins using proteomic 
tools (Turko et al., 2003; Kartha et al., 2008; Hu et al., 2009; 
Wang et al., 2010). Global analysis of protein phosphorylation, 
one of the most prominent PTM, is conducted by mass spec-
trometric strategies in combined with phospho-specific en-
richment methods, such as immunoaffinity with anti-pY anti-
body, immobilized metal ion affinity chromatography (IMAC) 
and titanium dioxide (TiO2) chromatography (Eyrich et al., 
2011). Protein tyrosine nitrosylation, a common 
post-translational modification occurred under conditions of 
oxidative stress (Greenacre and Ischiropoulos, 2001), is tra-
ditionally analyzed in a proteomic strategy combined 2-DE, 
western blot and mass spectrometry (Turko et al., 2003; 
Wang et al., 2010). Now, new approaches were also devel-
oped for analysis of S-nitrosylated proteins and/or the identi-
fication of specific sites of nitrosylation (Lopez-Sanchez et al., 
2012). Glycosylation was analyzed with glycoprotein or gly-
copeptides enrichment techniques, coupled with multidimen-
sional chromatographic separation and mass spectrometry 
(Pan et al., 2010). Further developments in proteomic tech-
nique to analyze protein PTMs could provide more informa-
tion about the mitochondrial functions in diabetes.  

Mitochondrial proteomics in T1DM 

Currently there is no published mitochondrial proteomic data 
on mitochondrial alterations or development of T1DM based 
on human tissues because of the limited tissue available. The 
majority of the mitochondrial proteome research has been 
conducted in animal models exhibiting T1DM, including 
STZ-induced T1DM mice/rats, spontaneously genetically 
diabetic Akita mouse and OVE26 T1DM mice. 

Several proteomic investigations on the heart in T1DM 
mouse models found an increased expression of mitochon- 
drial protein involved in fatty acid oxidation and oxidative 
stress (Shen et al., 2004; Hamblin et al., 2007), probably 
because of increasing mitochondrial biogenesis (Shen et al., 
2004). A subsequent mitochondrial proteomic study combin-
ing isotope labeling and 2-DE from STZ-induced diabetic rat 
hearts confirmed that proteins involved in fatty acid oxidation 
were increased, with a modest decrease in electron transport 
proteins, and little change in tricarboxylic acid (TCA) cycle 
proteins (Turko and Murad, 2003). However, there are two 
distinct mitochondrial subpopulations in the cardiac myocytes, 
SSM and IMF, similar to that found in skeletal muscle. The 
two populations of mitochondria response differently to 
physiological stimuli including obesity, diabetes, aging, fast-
ing, apoptosis, and ischemia-reperfusion injury (Lesnefsky et 
al., 2001; Suh et al., 2003; Ritov et al., 2005; Mollica et al., 
2006). John M. Hollander’s research group investigated 
thoroughly the differential response of the two populations of 
mitochondria in both T1DM and T2DM, using both bio-
chemical and proteomic tools, and thus improved our under- 
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Table 1  Summary of mitochondrial alterations in diabetes affected tissues and the proteomics application used to study them 

Diabetic model Tissues/cells Alterations of mitochondrial  
physiology 

Alterations of mitochondrial protein 
expression Proteomic tools Reference 

Type 1 diabetes      

OVE26 diabetic 
mice Heart 

↑Mitochondrial area and 
 number 
↓Respiration control ratio  
 and state 3 respiration rate 

↑Fatty acid oxidation proteins  Shen et al., 
2004 

STZ-induced 
diabetic rats 

Heart mitochon-
dria  ↑Fatty acid oxidation proteins 

↓Electron transport proteins 
Isotopic  
labeling, 2-DE 

Turko and  
Murad, 
2003 

STZ-induced 
diabetic mice 

Heart SSM and 
IFM  

↓Fatty acid oxidation IFM proteins 
↓Electron transport IFM proteins 
↓IFM proteins involved in protein 
import and substrate transport 

iTRAQ, DIGE Baseler et  
al., 2010 

STZ-induced 
diabetic rats 

Mitochondria 
from DRG sen-
sory neuron 

↓Respiration chain activity 
↓mitochondrial membrane  
potential 
↓ROS 

↓Respiratory chain components of 
 mitochondria 

SILAC-labeled 
Schwann cells  
as internal  
standard 

 
Akude et  
al., 2011 

Akita diabetic 
mice 

Mitochondria 
from liver, heart, 
brain, kidney 

↓State 3 respiration, ATP  
synthesis, mitochondrial  
cristae density in cardiac 
mitochondria 

↑Fatty acid oxidation protein in 
mitochondria from brain, heart and  
kidney 
↓TCA cycle proteins in cardiac  
mitochondria 
↑Oxidative phosphorylation  
proteins in liver mitochondria 

Label free Bugger et 
al., 2009 

Type 2 diabetes  

db/db mice Heart SSM and 
IFM 

↓Size and internal complexity 
of SSM 
↓State 3 respiration rates,  
electron transport chain  
activities, and mitochondrial  
membrane potential of SSM 
↑Oxidative damage in SSM 

↓Mitochondrial inner membrane  
proteins, such as electron transport 
chain, ATP synthesis, and mito-
chondrial protein import machinery 

iTRAQ Dabkowski 
et al., 2010 

Goto-Kakizaki 
rats 

Liver  
mitochondria  

↑Proteins that involved in the TCA 
cycle, OXPHOS, β-oxidation 
↓proteins involved in anti-apoptosis 
and anti-oxidative stress 

Label free Deng et al.,
2009 

High calorie and 
fat-induced 
diabetic mice 

Kidney  
mitochondria  ↑Mitochondrial protein tyrosine 

nitration 2-DE Kartha et  
al., 2008 

db/db mice Heart  
mitochondria  ↑Mitochondrial protein tyrosine  

nitration 2-DE Wang et al., 
2010 

Type 2 diabetic  
patients Muscle  ↓Phosphorylation of ATPsynthase  

β-subunit 2-DE Hojlund et  
al., 2003 

Abbreviations: 2-DE: two-dimensional electrophoresis; DIGE, differential in-gel electrophoresis; SILAC, stable isotope labeling by amino acids in 
cell culture; iTRAQ, isobaric tags for relative and absolute quantitation; SSM: subsarcolemmal mitochondria; IFM: intermyofibrillar mitochondria; 
DRG: dorsal root ganglia. 

 
standing of the role of different mitochondrial populations in 
the pathogenesis of diabetic cardiomyopathy (Dabkowski et 
al., 2009; Baseler et al., 2010; Dabkowski et al., 2010). 
Baseler and coworkers conducted the first mitochondrial 
proteomic research in the heart of STZ-induced diabetic mice 
to investigate the different response of the two mitochondrial 
populations to T1DM. After separating the IFM and SSM 
populations from the heart, iTRAQ and DIGE were applied to 
find the differentially expressed proteins. They found that a 
number of changes occurring preferentially in IFM, including 
a decreased abundance of fatty acid oxidation and electron 

transport chain proteins. Interestingly, three proteins involved 
in mitochondrial protein import and substrate transport 
(HSP70, ANT1, and mitochondrial phosphate carrier) were 
preferentially decreased in IFM. Further investigation showed 
that there is a selective deficiency in the ability of IFM to 
transport mitochondrial protein into mitochondrial inner 
membrane (Baseler et al., 2010). 

Akude and coworkers quantitatively investigated the 
changes in the mitochondrial proteome in DRG sensory 
neurons from STZ-induced diabetic rats by using SI-
LAC-labeled Schwann cells as internal standards. They 
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discovered that the respiratory chain components of mito-
chondrial proteome were down-regulated in the DRG of 
diabetic rats. Consistent with decreased protein expression 
and impaired respiratory chain activity, as demonstrated by 
reduced mitochondrial membrane potential and reduced 
respiratory chain derived ROS generation (Akude et al., 
2011). 

Bugger and coworkers conducted a comprehensive 
comparison of mitochondrial proteomes across four tissues 
(liver, brain, heart and kidney) from wild-type and T1DM Akita 
mice, using label-free proteome analysis. They discovered 
that the remodeling of the mitochondrial proteome by diabe-
tes was tissue specific: fatty acid oxidation (FAO) proteins 
were less abundant in liver mitochondria, whereas FAO pro-
tein content increased in mitochondria from all other tissues. 
Kidney mitochondria showed induction of TCA cycle en-
zymes, whereas TCA cycle proteins were decreased in car-
diac mitochondria. In addition, the expression of OXPHOS 
proteins was increased in liver mitochondria, whereas mito-
chondria of the other tissues were unaffected. Mitochondrial 
respiration, ATP synthesis, and morphology were unaffected 
in liver and kidney. In contrast, state 3 respiration, ATP syn-
thesis, and mitochondrial cristae density decreased in cardiac 
mitochondria. These results indicate that diabetes affected 
mitochondria differently in different tissues (Bugger et al., 
2009). This tissue-specific remodeling of mitochondria in 
diabetes underscored the importance in applying proteomic 
tools to study the role of mitochondria in pathogenesis of 
diabetes. 

Mitochondrial proteomics in T2DM 

The pathogenesis of T2DM involves the alteration of mito-
chondrial proteins in various tissues including pancreatic 
islets, liver, heart, and kidney. Several mitochondrial pro-
teome studies have been conducted in these tissues. Mito-
chondrial pathways of metabolism and stress response in 
diabetes stimulations could be mapped with proteomic tools 
(Gregersen et al., 2012). Lu and coworkers investigated the 
changes of mitochondrial morphology and function during the 
progression from insulin resistance to T2DM in the islets of 
transgenic MKR mice. They discovered that decreased mi-
tochondrial function and abnormal morphology occurred be-
fore hyperglycemia onset, and that mitochondrial dysfunction 
played important role in the progression to T2DM. Further 
investigations of the protein changes with iTRAQ uncovered 
36 mitochondrial proteins that were differentially expressed, 
many of which were mitochondrial inner membrane proteins 
of the electron transport chain (Lu et al., 2009). 

Deng and coworkers conducted a comprehensive mito-
chondrial proteome investigation on liver mitochondria from 
spontaneous diabetic GK rats before and after they were 
rendered diabetic. They identified 1091 mitochondrial pro-
teins, 228 phosphoproteins and 355 hydroxyproteins in liver 

mitochondria. Semi-quantitative analysis revealed that the 
expression of mitochondrial proteins that were involved in 
β-oxidation, the TCA cycle, OXPHOS and other bioener-
getic processes was up-regulated, whereas the expression 
of proteins involved in anti-apoptosis and anti-oxidative 
stress was down-regulated. Besides that, mitochondrial 
proteins were heavily hydroxylated during T2DM develop-
ment, suggesting increased oxidative stress. All of the 
changes were correlated with the development of T2DM 
(Deng et al., 2010).  

As mentioned above, cardiomyocytes consist of two 
populations of mitochondria, IFM and SSM, and the two 
populations respond differently to physiological stimuli. Re-
cent results have shown that T1DM and T2DM influence 
mitochondrial populations differently. IMF was selectively 
impaired in the heart of T1DM mice (Baseler et al., 2010), 
however, SSM mitochondria were specifically affected in 
db/db diabetic mice hearts (Dabkowski et al., 2010). SSM 
from db/db hearts showed decreased size and internal com-
plexity, while db/db IFM showed increased internal complex-
ity. Db/db SSM also displayed decreased state 3 respiration 
rates, electron transport chain activities, ATP synthase activi-
ties, mitochondrial membrane potential, and increased oxida-
tive damage. Proteomic analysis with iTRAQ revealed that 
T2DM had a greater impact on SSM than IFM. The expres-
sion level of mitochondrial inner membrane proteins, such as 
electron transport chain, ATP synthesis, and mitochondrial 
protein import machinery, was greatly decreased in SSM. We 
compared mitochondrial protein changes in normal vs. 
high-glucose treated INS-1 β cells using SILAC and found 
that the expression of proteins involved in OXPHOS, sub-
stance metabolism, mitochondrial protein synthesis and cell 
death was significantly decreased (unpublished data). 

Besides changes in mitochondrial protein expression, 
diabetes has been linked to post-translational modifications of 
mitochondrial proteins including proteins involved with phos-
phorylation, nitrosylation and O-linked glycosylation 
(O-GlcNAcylation). Højlund and coworkers identified potential 
biomarkers in the skeletal muscle of T2DM patients and 
found that the expression and phosphorylation of the ATP 
synthase β-subunit was altered, possibly accounting for the 
pathogenesis of T2DM (Hojlund et al., 2003). Kartha and 
coworkers detected an increase in mitochondrial protein ty-
rosine nitration in the kidney tissue of high calorie and fat 
diet-induced diabetic mice (Kartha et al., 2008). Protein tyro-
sine nitration was also observed in the mitochondria from 
diabetic mouse heart (Turko et al., 2003; Wang et al., 2010). 
Increased O-linked glycosylation was reported in mitochon-
drial proteins of caridiomyocytes that were exposed to high 
glucose. Increased mitochondrial protein O-GlcNAcylation is 
associated with impaired mitochondrial function, and reversal 
of O-GlcNAcylation with the overexpression of O-GlcNAcase 
restores mitochondrial function in cultured caridiomyocytes 
that are exposed to high glucose (Hu et al., 2009). Taken 
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together, mitochondrial protein modifications have been 
linked with impaired mitochondrial function and the patho-
genesis of diabetes. Future in depth proteomic analysis of 
protein modifications could provide important new insights 
into the pathogenesis of mitochondrial dysfunction in diabe-
tes.  

FUTURE PERSPECTIVES AND CONCLUDING  
REMARKS  

In summary, increasing evidence has come to light implicat-
ing mitochondrial dysfunction in the pathogenesis of diabetes 
and its complications. This suggests that mitochondria have 
the potential to be targets for the treatment of diabetes 
(Moreira and Oliveira, 2011). Comparative mitochondrial 
proteomics in different tissues of diabetic animal models have 
gained insights into the pathogenesis of diabetes and its 
complications, thus could provide more information for the 
development of drugs for the treatment of diabetes. Though 
great progress has been made in mitochondrial proteomics in 
diabetes, most of these studies solely focused on protein 
expression, however, mitochondrial protein post-translational 
modifications, such as phosphorylation, also played crucial 
roles in mitochondrial functioning (Thomson, 2002; Pagliarini 
and Dixon, 2006) and mitochondrial perturbations (Graier et 
al., 2009). Further studies to examine the changes in mito-
chondrial protein post-translational modifications with pro-
teomic tools in diabetes affected animal model tissues, could 
provide more information and increase our understanding of 
the pathogenesis of diabetes. 
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