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1. ABSTRACT

Mitochondria are crucial intracellular organelles 
where ATP and reactive oxygen species are generated 
via the electron transport chain. They are also where 
cellular fate is determined. There is a growing body 
of evidence that mitochondrial dysfunction plays an 
important role in the pathogenesis of type  2 diabetes. 
Mitochondrial dysfunction in pancreatic beta-cells results 
in impaired glucose-stimulated insulin secretion. It is also 
associated with decreased oxidative phosphorylation and 
fatty acid oxidation in insulin sensitive tissues. Variation 
in mitochondrial DNA (mtDNA) quantity and quality are 
reported to be associated with the risk of developing 
diabetes. A rare variant, mtDNA 3243 A>G, is well known 
to cause maternally inherited diabetes. Common mtDNA 
variants, such as mtDNA 16189 T>C and several mtDNA 
haplogroups, are also associated with an increased risk of 
diabetes, especially in Asians. The variant load, known as 
heteroplasmy, in a specific tissue is thought to modulate 
the phenotypic expression of these mtDNA variants. In this 
article, we review the role of mitochondrial dysfunction in 
the pathogenesis of diabetes and the association between 
mtDNA variations and risk of diabetes.

2. INTRODUCTION: OVERVIEW OF THE 
PATHOGENESIS OF DIABETES

According to the recent 6th  edition of the 
Diabetes Atlas (2013) by the International Diabetes 
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Federation, the global burden of diabetes is estimated to 
be approximately 8.3% of adults (382 million people) (1). 
This figure is expected to increase by 55% (592 million 
people) within the next 25  years. In a recent analysis 
of the United States National Health Interview Survey, 
the prevalence and incidence of diabetes have doubled 
from 1980 to 2008  (2). Although there seems to be a 
plateau between 2008 and 2012, and even a decrease 
in the incidence of cases of diabetes, the figures are 
still increasing in non-Hispanic black and Hispanic 
populations, as well as in people with a lower educational 
level. The increased prevalence of diabetes is attributable 
to multiple factors, including reduced physical activity, 
increased dietary fat intake and the resulting epidemic 
increase in obesity (2).

Type  2 diabetes is a complex multigenic 
disorder where both environmental and genetic factors 
interact as predisposing factors (3). Several lines of 
evidence indicate that genetic factors play a role in the 
pathogenesis of diabetes, stemming from the fact that 
family history is a major risk factor for diabetes (4). First, 
it is well known that the risk of diabetes increases by 
two to fourfold when one or both parents are affected by 
diabetes (5). Although controversial, there are studies 
arguing that there is an excess maternal history of glucose 
intolerance in diabetes subjects (6). Second, evidence 
for a genetic predisposition to diabetes comes from the 
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regional/ethnic difference with regards to the prevalence 
of diabetes. The prevalence of diabetes is highest in the 
Middle East and North Africa, followed by North America 
and the Caribbean. More specifically, Tokelu, a territory of 
New Zealand in the South Pacific Ocean, has the highest 
prevalence of diabetes (1). In addition, Asian immigrants 
to the United  Kingdom have markedly increased 
prevalence of diabetes compared with Europeans (7). 
This regional/ethnic difference resulted in the thrifty gene 
hypothesis. In this hypothesis, James V. Neel proposed 
that diabetogenic genes arose during evolutionary 
history to promote more efficient energy storage and 
presented selective advantages during periods of 
famine (8). The third evidence of genetic predisposition of 
diabetes is that there are monogenic forms of diabetes. 
Recent advances in genetic studies, accelerated by 
genome-wide association studies, have identified at 
least 70 genetic loci associated with diabetes  (9, 10). 
However, these only explain a limited portion of diabetes’ 
heritability  (11). Mitochondrial DNA (mtDNA) variants 
might explain part of the missing heritability. The mtDNA 
is transmitted only maternally, which could explain the 
excess maternal association with diabetes. In addition, 
mtDNA could be the basis of the thrifty gene hypothesis 
because mitochondria are the site of most cellular 
adenosine triphosphate (ATP) generation and fatty acid 
oxidization. Finally, pathogenic mtDNA variations, such 
as the mtDNA 3243 A>G variant, are known to result in 
a specific genetic form of diabetes known as maternally 
inherited diabetes and deafness (MIDD).

Type  2 diabetes is characterized by variable 
degrees of insulin resistance and impaired insulin 
secretion. The relative contribution of insulin resistance 
and insulin secretion on the pathogenesis of type  2 
diabetes has been controversial. Recently, we have 
reported that impaired beta-cell function and incomplete 
compensation for progressive deterioration in insulin 
resistance is crucial for the development of diabetes, 
at least in Asians (12). Insulin is secreted solely from 
pancreatic islet beta-cells. The main stimulus for insulin 
secretion is an increased glucose concentration. When 
glucose enters the beta-cell via passive diffusion 
and facilitated transport by glucose transporters, it is 
metabolized to pyruvate. Pyruvate is further metabolized 
in the mitochondrial tricarboxylic acid (TCA) cycle to 
yield ATP. The increased intracellular ATP/ADP ratio 
closes ATP sensitive potassium channels, resulting in 
depolarization and calcium influx into the beta-cell (13). 
The increase in cytosolic calcium stimulates fusion of 
preformed insulin granules with the plasma membrane 
and increases exocytosis (14). Mitochondria play a 
critical role in insulin secretion, as they are the site of ATP 
generation. The importance of mitochondrial function 
to insulin secretion is supported by the fact that most 
diabetes arising from pathogenic mtDNA mutation have 
defective insulin secretion (15).

On the other hand, insulin resistance occurs 
when cells and tissues do not respond adequately 
to insulin at physiological concentrations. The three 
major insulin sensitive tissues that play central roles in 
energy homeostasis are muscle, adipose tissue, and 
liver. Skeletal muscle is the largest insulin sensitive 
tissue and accounts for approximately 80% of insulin 
dependent glucose disposal (16). Skeletal muscle has a 
high oxidative energy demand, which is mostly supplied 
by mitochondria. In the fed state, mitochondria oxidize 
glucose, whereas during fasting, mitochondria oxidize 
free fatty acids to ensure an adequate energy supply (17). 
When there is an energy imbalance with nutrient 
oversupply, insulin signaling is impaired and insulin 
stimulated glucose transport is reduced. Mitochondrial 
dysfunction is thought to play an important role in skeletal 
muscle insulin resistance by inducing intramyocellular 
lipid accumulation and impaired intracellular insulin 
signaling (18).

The pathophysiology of type 2 diabetes implies 
that mitochondria can affect both insulin secretion and 
insulin resistance. Furthermore, the genetics of diabetes 
suggest that mtDNA also play a role in the development 
of diabetes. In the following sections, we will focus on the 
role of mitochondrial dysfunction in the pathogenesis of 
diabetes and mtDNA variations that are associated with 
an increased risk for developing diabetes.

3. ROLE OF MITOCHONDRIAL 
DYSFUNCTION IN DIABETES

3.1. Mitochondria dysfunction and insulin 
secretion

Mitochondrial dysfunction can lead to defective 
insulin secretion in three ways. First, it can impair 
oxidative phosphorylation and glucose-stimulated insulin 
secretion (19). Reduced mitochondrial mass or function 
leads to decreased ATP generation and consequently 
impaired insulin secretion (20). The nuclear DNA 
encoded mitochondrial transcription factor A (Tfam) 
is essential for the maintenance and transcription of 
mtDNA (21). A mouse model of mitochondrial diabetes, 
which lacked Tfam in pancreatic beta-cells, was shown 
to have early onset diabetes with severe depletion 
of mtDNA and decreased ATP generation (22). 
Importantly, there was a significant defect in glucose-
stimulated insulin secretion and reduced beta-cell mass 
in these mice. In a genome-wide association study in 
humans, an intronic variant (rs950994) of mitochondrial 
transcription factor B1 (TFB1M) was associated with a 
reduced 30 minute plasma insulin concentration and an 
increased risk of type  2 diabetes (23). TFB1M, which 
was originally thought to be a mitochondrial transcription 
factor, is a dimethyltransferase that plays an important 
role in the biogenesis of mitochondrial ribosomes and 
the translation of mitochondrial proteins (24). Beta-cell 
specific knockout of Tfb1m in mice showed impaired ATP 
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generation by oxidative phosphorylation and defective 
glucose-stimulated insulin secretion, which eventually 
resulted in the development of diabetes (25). These data 
indicate that mitochondrial oxidative phosphorylation 
is important in beta-cell function and insulin secretion. 
The second way in which mitochondrial dysfunction can 
impair beta-cell function is through increased reactive 
oxygen species (ROS) production (20). Mitochondria 
are a major source of ROS production (26). An excess 
in ATP levels compared with cellular energy requirement 
leads to a “stagnation” in the electron transport chain and 
increased ROS production (27). ROS at physiological 
levels can participate in cell signaling and enhance 
glucose-stimulated insulin secretion (28, 29). However, 
when ROS is elevated above a certain threshold, it can 
impair insulin secretion (30). Superoxide (O2

·−) that is 
produced in mitochondria is converted to H2O2 primarily 
by the mitochondrial isoform of superoxide dismutase 
2 (SOD2). It has been reported that heterozygous 
beta-cell specific knockout of Sod2 in mice resulted in 
impaired glucose-stimulated insulin secretion in high 
fat fed conditions (31) and increased ROS levels in the 
pancreatic islets. The third way in which mitochondrial 
dysfunction can impair beta-cell function is through 
increased beta-cell apoptosis. In human studies, 
patients with type 2 diabetes tend to have disconnected, 
short, and swollen mitochondria in their beta-cells, and 
the islet mass is significantly decreased, suggesting 
that mitochondrial dysfunction is associated with 
apoptosis (32, 33). Mitochondria are the main regulators 
of cellular apoptosis (34). Glucose and fatty acid overload 
can lead to the loss of mitochondrial membrane potential 
and activation of mitochondrial permeability transition 
pore, resulting in beta-cell apoptosis (35). Recently, it 
was reported that mammalian sterile 20-like kinase-1 
(MST1) is a critical regulator of beta-cell apoptosis, which 
exerts its effect by the mitochondria-dependent apoptosis 
pathway (36). Taken together, mitochondrial dysfunction 
resulting in defective oxidative phosphorylation, increased 
ROS production and apoptosis can lead to decreased 
insulin secretion and beta-cell dysfunction.

3.2. Mitochondria dysfunction and insulin 
resistance

The most important environmental risk factors 
of insulin resistance are obesity and physical inactivity. 
Both obesity and physical inactivity are associated 
with decreased mitochondrial mass and function in 
skeletal muscle (37, 38). It has been suggested that 
mitochondrial dysfunction in skeletal muscle impairs 
fatty acid oxidation and increases intramyocellular lipid 
accumulation, resulting in insulin resistance (18). Using 
nuclear magnetic resonance studies, it was reported 
that an age-related decrease in insulin sensitivity was 
paralleled by a 40% decrease in mitochondrial oxidative 
phosphorylation and increased intramyocellular lipid 
accumulation (39). Similarly, insulin-resistant offspring 
of type  2 diabetes patients had a 30% decrease in 

oxidative phosphorylation and a 38% decrease in 
skeletal muscle mitochondrial density compared with 
insulin sensitive control subjects (40). Transcriptome 
analysis using microarrays showed that genes involved 
in mitochondrial oxidative phosphorylation were 
coordinately down regulated in diabetic subjects as a 
result of decreased PGC-1alpha expression (41, 42). In 
a study using permeabilized muscle fibers, patients with 
type  2 diabetes had a decrease of approximately 20% 
in the oxygen consumption rate compared with normal 
control subjects (43). However, this difference diminished 
when adjusted for the mitochondrial mass, suggesting 
that decreased mitochondrial mass could be the major 
contributor. In another study using isolated mitochondria, 
the oxygen consumption rate was lower in mitochondria 
derived from obese type 2 diabetes subjects compared 
with that of controls, suggesting there might be qualitative 
difference in mitochondrial function (44). However, the 
causative role of mitochondrial dysfunction in skeletal 
muscle is still controversial (45, 46). In Asian Indians, 
oxidative phosphorylation capacity did not differ between 
diabetic and control subjects (47). In fact, compared 
with European Americans, Asian Indians had higher 
oxidative phosphorylation capacity despite being more 
insulin resistant. In a mouse model, targeted deletion 
of apoptosis inducing factor (AIF) lead to a progressive 
decrease in oxidative phosphorylation and resulted in 
increased insulin sensitivity (48). Further studies are 
required to clarify the role of mitochondrial dysfunction in 
insulin resistance.

4. MITOCHONDRIAL DNA VARIATION AND 
RISK OF DIABETES

Various factors, both environmental and genetic, 
can lead to mitochondrial dysfunction, with relevance 
to the pathophysiology of diabetes. Environmental 
factors include obesity, physical inactivity, high calorific 
diet, persistent organic pollutants, etc. The role of 
environmental factors in mitochondrial dysfunction and 
the pathogenesis of diabetes were reviewed in our 
previous articles (49, 50). Therefore, here we will mainly 
focus on mtDNA variations affecting mitochondrial 
dysfunction and diabetes.

4.1. Mitochondrial DNA variation: quantitative 
and qualitative

Mitochondria have their own DNA for 
transcription and replication (51). There are hundreds of 
mitochondria in a cell and each mitochondrion has 2 to 
10 mtDNA copies (52). The mtDNA is a single circular 
double stranded DNA with 16,569 base pairs. It consists 
of a heavy (H) strand and a light (L) strand, which are 
enriched in guanine and cytosine, respectively (51). 
There is also a short 7S DNA strand that compliments 
with the L strand in the regulatory region of mtDNA 
resulting in a triple stranded structure. This region 
is called the displacement (D) loop and contains the 
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origin of replication for the H strand and major promoter 
regions  (53). The D loop region also contains highly 
polymorphic sequences (hypervariable regions) (54). 
The mtDNA is unique as it does not have introns and 
is not equipped with histones, making it vulnerable to 
frequent mutations.

The mtDNA variation can have different effect 
according to: 1) quantitative variation in mtDNA content 
and/or 2) qualitative variation in mtDNA sequence. 
Regarding the mtDNA quantity, we investigated the 
association between peripheral blood mtDNA content 
and the risk of type  2 diabetes, and we related these 
factors to the metabolic phenotype (37, 55-58). In a 
population-based prospective cohort, mtDNA content 
was decreased by 25% in subjects who progressed to 
diabetes within two years (37). In a second study, mtDNA 
content was decreased by 20% in non-diabetic offspring 
of type  2 diabetes patients and was associated with 
decreased insulin sensitivity (55). The mtDNA content 
was inversely associated with waist to hip circumference 
ratio, blood pressure, fasting glucose concentration, and 
insulin secretion (37, 57). A study in a Chinese population 
reported decreased peripheral blood mtDNA content in 
patients with diabetes (59). However, conflicting findings 
have fueled a debate on whether decreased mtDNA 
content is a cause or a consequence of deteriorated 
glucose metabolism (60-62). It has been argued that 
mtDNA content in peripheral blood cells might not reflect 
the mitochondrial function in the cells or tissues that are 
relevant to energy metabolism.

4.2. Mitochondrial DNA 3243 A>G variation
There are number of genetic variations 

associated with diabetes. However, there is little 
knowledge about associations between mtDNA 
variations and type  2 diabetes. Mitochondrial DNA 
variations can be categorized as either rare, functional 
variants or common variants that increase disease 
predisposition. A rare, functional mtDNA variant can result 
in MIDD, and mtDNA variants associated with MIDD 
have been reviewed by Maasen et al. (15). One of the 
most thoroughly investigated rare mtDNA variant is the 
mtDNA 3243 A>G in the tRNA(Leu)(UUR) gene. It was first 
identified in a large family with MIDD (63). This variant 
can also result in mitochondrial encephalomyopathy, 
lactic acidosis, and stroke-like episodes (MELAS), 
which is a multisystem disorder, with typical onset 
during childhood (64). The frequency of this variant is 
relatively rare and shows ethnic difference. It is reported 
to be present in approximately 0.5 to 3% in Asians (65-
69), while its frequency is much lower in Europeans 
(70, 71). The variant is more likely to be observed in 
particular subtypes of diabetes with maternal inheritance 
and hearing loss (72), early onset with family history of 
diabetes (66), end stage renal disease (73) and atypical 
type 1 diabetes (74).

Clinical presentation of the mtDNA 3243 A>G 
variation is heterogeneous. It can manifest as either 
type  1 diabetes or type  2 diabetes, depending upon 
the severity of the insulin deficiency (75). The age of 
diabetes onset is usually younger than type 2 diabetes. 
Diabetes patients with the mtDNA 3243 A>G variant have 
a lower body mass index, a progressive impairment in 
insulin secretion (76) and are more likely to be treated 
with insulin  (77). The mtDNA 3243 A>G variant is 
associated with various conditions, such as sensory 
neural hearing loss, cardiomyopathy (78), macular 
pattern dystrophy (79), progressive kidney disease (80), 
gastrointestinal symptoms (81, 82), encephalomyopathy 
and mental disorders (83). Mechanisms for this 
wide variability of clinical manifestation are largely 
unknown. It is suggested that differences in variant load 
(heteroplasmy) and tissue distribution of the variant 
contribute to the variable phenotypic expression (84, 85). 
When the variant load is relatively low, it can result in 
MIDD (63). In contrast, when the variant load is as high 
as 50 to 90%, it can result in MELAS (86). Recently, it was 
shown that small increases in heteroplasmy level can 
lead to modest defects in oxidative phosphorylation and 
discrete changes in nuclear gene expression and cellular 
phenotype (87). The detection of this variant in peripheral 
blood samples is difficult because heteroplasmy levels in 
leukocytes are relatively low and decline with age (88).

Diabetes associated with mtDNA 3243 A>G 
variant is characterized by both impaired insulin 
secretion  (89, 90) and insulin resistance (91). A  defect 
in glucose-stimulated insulin secretion is a possible 
early primary abnormality, which might result from the 
progressive impairment of oxidative phosphorylation (92). 
Histological evaluation of pancreatic tissue from diabetes 
patients with this variant showed a reduction in total islet 
mass without evidence of insulitis or apoptosis  (93). 
This variant can lead to dimerization of the mutant 
tRNA and impaired aminoacylation (94), and result in 
increased degradation of mitochondrial DNA encoded 
proteins (95). In addition, we have shown that this variant 
results in decreased mitochondrial oxygen consumption 
and increased ROS generation in cybrid cells (96). The 
resultant mitochondrial dysfunction activated various 
retrograde signaling pathways involving retinoid X 
receptor alpha, ROS, c-JUN N-terminal kinase, and 
PGC-1alpha. Among them, the retinoid X receptor 
alpha pathway contributed to the decrease in nuclear 
encoded oxidative phosphorylation gene expression and 
aggravated the mitochondrial dysfunction (96).

4.3. Mitochondrial DNA 16189 T>C variation
Another well-known variation is the relatively 

common T>C variant at the nucleotide position 16189, 
which produces heteroplasmic length variation of an 
uninterrupted poly C tract between 16184 and 16193 (97). 
This variant is more commonly observed in Asians with 
a frequency of 30%, compared with a frequency of 10% 
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in Europeans (98, 99). In 1998, Poulton et al. proposed 
that the mtDNA 16189 T>C variant is associated with 
insulin resistance (100). They also suggested that this 
variant may enhance maternal restraint of fetal growth 
and thereby exacerbate the subsequent risk for insulin 
resistance and type  2 diabetes (101). Subsequent 
studies reported the association of this variant with insulin 
resistance (102, 103), body mass index (104), metabolic 
syndrome (105) and cardiovascular disease (106, 107). 
Association with type 2 diabetes was confirmed in a large 
Asian population, including more than 3,600 individuals 
with type  2 diabetes and controls from Korea, Japan, 
Taiwan, Hong Kong and China (98). This study showed 
that the mtDNA 16189 T>C variant was significantly 
associated with an increased risk for type  2 diabetes 
(odds ratio [OR] 1.26, 95% confidence interval [CI] 
1.08 – 1.46, P = 0.003) (98). Studies of Europeans showed 
conflicting results due to a lower frequency of this variant 
in European populations that required a large number of 
subjects for adequate statistical power (99, 108, 109). 
It is noteworthy that in a recent meta-analysis involving 
more than 26,000 European type 2 diabetes cases and 
controls, this variant was modestly associated with an 
increased risk of diabetes (OR 1.10, 95% CI 1.01 – 1.20, 
P = 0.03) (109).

The functional significance of this variant is not 
fully understood. It might play an important role in mtDNA 
replication because it is located at the hypervariable region 
of the D loop, which contains the origin of replication for 
the H strand (100). We found that the mtDNA 16189 T>C 
variant decreases the binding affinity of the mitochondrial 
single-stranded DNA-binding protein (mtSSB) (98). The 
mtSSB is known to be involved in stabilizing the D loop 
and maintaining the mtDNA content (110). Consistent 
with this finding, subjects with mtDNA 16189C variant 
had a lower mtDNA content compared with those with 
16189T variant (111).

4.4. Mitochondrial DNA haplogroup
The mtDNA haplogroups are geographical 

region-specific variations that might have originated 
from natural selection pressures, such as cold 
climate or famine  (112). It has been suggested that 
mtDNA haplogroup might affect human longevity 
and diseases associated with energy metabolism in 
modern times  (113). It has also been proposed that 
common mtDNA haplogroups might be associated with 
susceptibility of type  2 diabetes. However, in a study 
involving 6,600 Europeans, there were no significant 
association between common mtDNA variants 
(frequency > 1%) and susceptibility to diabetes or related 
metabolic phenotypes (114). In contrast, in a combined 
analysis of 4,300 diabetes cases and controls from 
Korea and Japan, we observed that haplogroup N9a was 
significantly associated with protection against type  2 
diabetes (OR 0.55, 95% CI 0.40 – 0.75, P = 0.0002). 
On the other hand, haplogroups  F (OR 1.34, 95% CI 

1.07 – 1.67, P = 0.0114) and D5 (OR 1.33, 95% CI 1.00 
– 1.76, P = 0.0475) were associated with an increased 
risk for diabetes (115). In a Chinese population, 
haplogroup B4 (OR 1.54, 95% CI 1.18 – 2.02, P < 0.001) 
was associated with increased risk of diabetes (116). 
Some mitochondrial haplogroups are reported to be 
associated with diabetic complications (117-120) and 
post-transplantation diabetes mellitus (121). Gene 
expression studies of cybrid cells harboring diabetes-
susceptible mitochondrial haplogroup F showed down-
regulation of oxidative phosphorylation and up-regulation 
of glycolysis compared with the diabetes resistant N9a 
haplogroup (122).

4.5. Epigenetic factors affecting mitochondrial 
function

We previously showed that mtDNA content in 
peripheral blood is decreased in subjects with diabetes 
and even in offspring of diabetes patients. Fetal and early 
postnatal malnutrition cause long-term decreases in 
mtDNA content in skeletal muscle and in the liver (123). 
A maternal high-fat diet during pregnancy also reduced 
mtDNA content and decreased PGC-1alpha expression 
in liver (124). Mitochondrial dysfunction and the 
resultant mitochondrial stress can regulate both nuclear-
encoded and mtDNA encoded mitochondrial genes by 
epigenetic mechanisms. In patients with type 2 diabetes, 
hypermethylation of the PGC-1alpha gene promoter 
was observed in skeletal muscle (125). The methylation 
level was negatively correlated with PGC-1alpha 
expression and mtDNA content. The mtDNA itself can 
also be epigenetically regulated. DNA methyl transferase 
1 (DNMT1) binds to the mtDNA, and methylation is 
modulated in response to oxidative stress  (126, 127). 
Indeed, epigenetic modulations including DNA methylation 
are a way of retrograde signaling for mitochondria-
nucleus communication and can affect insulin signaling 
and metabolic pathways  (128). These findings suggest 
that epigenetic factors are important in modulating the 
phenotypic expression of pathogenic mtDNA variations 
in addition to the level of heteroplasmy, as well as the 
mtDNA haplogroup.

5. SUMMARY

We have reviewed the pathophysiologic role 
of mitochondrial dysfunction in type  2 diabetes and 
the association between mtDNA variations and the 
development of diabetes (Figure  1). Mitochondrial 
dysfunction can lead to beta-cell dysfunction and 
impaired insulin secretion. It is also associated with insulin 
resistance, but whether it is a cause or consequence 
is unclear. A  relatively rare functional variant, mtDNA 
3243 A>G, is causative of mitochondrial diabetes and 
affects both insulin secretion and insulin resistance to 
varying degrees. A common mtDNA 16189 T>C variant 
is associated with an increased risk of type 2 diabetes, 
especially in Asian populations, in which there is a higher 
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frequency of this variant. The mtDNA haplogroup also 
modulates the risk of diabetes. However, as mtDNA 
variants exist in heteroplasmy, their level and tissue 
distribution might explain the variability in related 
phenotypes. Mitochondria are at the center of cellular 
energy metabolism. Therefore, further understanding 
of their role in the pathogenesis of diabetes and the 
functional consequences of mtDNA variations will 
improve our chances of overcoming the increasing 
epidemic of diabetes.

6. ACKNOWLEDGEMENT

This research was supported by a grant of 
Korea Health Technology R&D Project through the Korea 
Health Industry Development Institute (KHIDI), funded by 
the Ministry of Health & Welfare, Republic of Korea (grant 
number: HI14C0060).

7. REFERENCES

1.	 International Diabetes Federation: IDF 
Diabetes Atlas. 6th  ed.International Diabetes 
Federation (2013)

2.	 L. S. Geiss, J. Wang, Y. J. Cheng, T. J. 
Thompson, L. Barker, Y. Li, A. L. Albright and 
E. W. Gregg: Prevalence and incidence trends 
for diagnosed diabetes among adults aged 20 
to 79 years, United States, 1980-2012. JAMA, 
312(12), 1218-26 (2014)
DOI: 10.1001/jama.2014.11494

3.	 Association American Diabetes: Diagnosis 
and classification of diabetes mellitus. 
Diabetes Care, 37 Suppl 1, S81-90 (2014)
DOI: 10.2337/dc14-S081

Figure 1. Genetic variants in mtDNA can affect both insulin secretion and insulin resistance. Variants in mtDNA include mtDNA content, rare functional 
mtDNA 3243 A>G variant, common mtDNA 16189 T>C variant, and mtDNA haplogroups. Tissue specificity and the level of heteroplasmy modulate 
the phenotypic effect of these variations. These variants are thought to affect both insulin secretion and insulin resistance. OXPHOS, oxidative 
phosphorylation; ROS, reactive oxygen species.

http://dx.doi.org/10.1001/jama.2014.11494
http://dx.doi.org/10.2337/dc14-S081


Mitochondrial DNA variation and pathogenesis of diabetes mellitus

	 1157� © 1996-2016

4.	 K. S. Park: The search for genetic risk factors 
of type 2 diabetes mellitus. Diabetes Metab J, 
35(1), 12-22 (2011)
DOI: 10.4093/dmj.2011.35.1.12

5.	 J. B. Meigs, L. A. Cupples and P. W. Wilson: 
Parental transmission of type  2 diabetes: 
the Framingham Offspring Study. Diabetes, 
49(12), 2201-7 (2000)
DOI: 10.2337/diabetes.49.12.2201

6.	 J. C. Alcolado and R. Alcolado: Importance 
of maternal history of non-insulin dependent 
diabetic patients. BMJ, 302(6786), 
1178-80 (1991)
DOI: 10.1136/bmj.302.6786.1178

7.	 D. Simmons, D. R. Williams and M. J. Powell: 
Prevalence of diabetes in a predominantly 
Asian community: preliminary findings of the 
Coventry diabetes study. BMJ, 298(6665), 
18-21 (1989)
DOI: 10.1136/bmj.298.6665.18

8.	 J. V. Neel: Diabetes mellitus: a “thrifty” 
genotype rendered detrimental by “progress”? 
Am J Hum Genet, 14, 353-62 (1962)

9.	 A. P. Morris, B. F. Voight, T. M. Teslovich, T. 
Ferreira, A. V. Segre, V. Steinthorsdottir, R. J. 
Strawbridge, H. Khan, H. Grallert, A. Mahajan, 
I. Prokopenko, H. M. Kang, C. Dina, T. Esko, 
R. M. Fraser, S. Kanoni, A. Kumar, V. Lagou, 
C. Langenberg, J. Luan, C. M. Lindgren, 
M. Muller-Nurasyid, S. Pechlivanis, N. W. 
Rayner, L. J. Scott, S. Wiltshire, L. Yengo, 
L. Kinnunen, E. J. Rossin, S. Raychaudhuri, 
A. D. Johnson, A. S. Dimas, R. J. Loos, S. 
Vedantam, H. Chen, J. C. Florez, C. Fox, 
C. T. Liu, D. Rybin, D. J. Couper, W. H. Kao, 
M. Li, M. C. Cornelis, P. Kraft, Q. Sun, R. M. 
van Dam, H. M. Stringham, P. S. Chines, K. 
Fischer, P. Fontanillas, O. L. Holmen, S. E. 
Hunt, A. U. Jackson, A. Kong, R. Lawrence, J. 
Meyer, J. R. Perry, C. G. Platou, S. Potter, E. 
Rehnberg, N. Robertson, S. Sivapalaratnam, 
A. Stancakova, K. Stirrups, G. Thorleifsson, 
E. Tikkanen, A. R. Wood, P. Almgren, M. 
Atalay, R. Benediktsson, L. L. Bonnycastle, 
N. Burtt, J. Carey, G. Charpentier, A. T. 
Crenshaw, A. S. Doney, M. Dorkhan, S. 
Edkins, V. Emilsson, E. Eury, T. Forsen, K. 
Gertow, B. Gigante, G. B. Grant, C. J. Groves, 
C. Guiducci, C. Herder, A. B. Hreidarsson, J. 
Hui, A. James, A. Jonsson, W. Rathmann, N. 
Klopp, J. Kravic, K. Krjutskov, C. Langford, 

K. Leander, E. Lindholm, S. Lobbens, S. 
Mannisto, G. Mirza, T. W. Muhleisen, B. 
Musk, M. Parkin, L. Rallidis, J. Saramies, 
B. Sennblad, S. Shah, G. Sigurethsson, A. 
Silveira, G. Steinbach, B. Thorand, J. Trakalo, 
F. Veglia, R. Wennauer, W. Winckler, D. 
Zabaneh, H. Campbell, C. van Duijn, A. G. 
Uitterlinden, A. Hofman, E. Sijbrands, G. R. 
Abecasis, K. R. Owen, E. Zeggini, M. D. Trip, 
N. G. Forouhi, A. C. Syvanen, J. G. Eriksson, 
L. Peltonen, M. M. Nothen, B. Balkau, C. N. 
Palmer, V. Lyssenko, T. Tuomi, B. Isomaa, D. 
J. Hunter, L. Qi, Consortium Wellcome Trust 
Case Control, Glucose Meta-Analyses of, 
Investigators Insulin-related traits Consortium, 
ANthropometric Traits Consortium Genetic 
Investigation of, Consortium Asian Genetic 
Epidemiology Network-Type  2 Diabetes, 
Consortium South Asian Type  2 Diabetes, 
A. R. Shuldiner, M. Roden, I. Barroso, T. 
Wilsgaard, J. Beilby, K. Hovingh, J. F. Price, J. 
F. Wilson, R. Rauramaa, T. A. Lakka, L. Lind, 
G. Dedoussis, I. Njolstad, N. L. Pedersen, K. 
T. Khaw, N. J. Wareham, S. M. Keinanen-
Kiukaanniemi, T. E. Saaristo, E. Korpi-
Hyovalti, J. Saltevo, M. Laakso, J. Kuusisto, 
A. Metspalu, F. S. Collins, K. L. Mohlke, R. 
N. Bergman, J. Tuomilehto, B. O. Boehm, C. 
Gieger, K. Hveem, S. Cauchi, P. Froguel, D. 
Baldassarre, E. Tremoli, S. E. Humphries, D. 
Saleheen, J. Danesh, E. Ingelsson, S. Ripatti, 
V. Salomaa, R. Erbel, K. H. Jockel, S. Moebus, 
A. Peters, T. Illig, U. de Faire, A. Hamsten, A. 
D. Morris, P. J. Donnelly, T. M. Frayling, A. T. 
Hattersley, E. Boerwinkle, O. Melander, S. 
Kathiresan, P. M. Nilsson, P. Deloukas, U. 
Thorsteinsdottir, L. C. Groop, K. Stefansson, 
F. Hu, J. S. Pankow, J. Dupuis, J. B. Meigs, 
D. Altshuler, M. Boehnke, M. I. McCarthy, D. 
IAbetes Genetics Replication and Consortium 
Meta-analysis: Large-scale association 
analysis provides insights into the genetic 
architecture and pathophysiology of type  2 
diabetes. Nat Genet, 44(9), 981-90 (2012)
DOI: 10.1038/ng.2383

10.	 DIAbetes Genetics Replication And Meta-
analysis (DIAGRAM) Consortium; Asian 
Genetic Epidemiology Network Type  2 
Diabetes (AGEN-T2D) Consortium; South 
Asian Type 2 Diabetes (SAT2D) Consortium; 
Mexican American Type 2 Diabetes (MAT2D) 
Consortium; Type  2 Diabetes Genetic 
Exploration by Nex-generation sequencing 

http://dx.doi.org/10.4093/dmj.2011.35.1.12
http://dx.doi.org/10.2337/diabetes.49.12.2201
http://dx.doi.org/10.1136/bmj.302.6786.1178
http://dx.doi.org/10.1136/bmj.298.6665.18
http://dx.doi.org/10.1038/ng.2383


Mitochondrial DNA variation and pathogenesis of diabetes mellitus

	 1158� © 1996-2016

in muylti-Ethnic Samples (T2D-GENES) 
Consortium, A. Mahajan, M. J. Go, W. 
Zhang, J. E. Below, K. J. Gaulton, T. Ferreira, 
M. Horikoshi, A. D. Johnson, M. C. Ng, I. 
Prokopenko, D. Saleheen, X. Wang, E. 
Zeggini, G. R. Abecasis, L. S. Adair, P. Almgren, 
M. Atalay, T. Aung, D. Baldassarre, B. Balkau, 
Y. Bao, A. H. Barnett, I. Barroso, A. Basit, L. F. 
Been, J. Beilby, G. I. Bell, R. Benediktsson, R. 
N. Bergman, B. O. Boehm, E. Boerwinkle, L. 
L. Bonnycastle, N. Burtt, Q. Cai, H. Campbell, 
J. Carey, S. Cauchi, M. Caulfield, J. C. Chan, 
L. C. Chang, T. J. Chang, Y. C. Chang, G. 
Charpentier, C. H. Chen, H. Chen, Y. T. Chen, 
K. S. Chia, M. Chidambaram, P. S. Chines, 
N. H. Cho, Y. M. Cho, L. M. Chuang, F. S. 
Collins, M. C. Cornelis, D. J. Couper, A. T. 
Crenshaw, R. M. van Dam, J. Danesh, D. Das, 
U. de Faire, G. Dedoussis, P. Deloukas, A. S. 
Dimas, C. Dina, A. S. Doney, P. J. Donnelly, 
M. Dorkhan, C. van Duijn, J. Dupuis, S. 
Edkins, P. Elliott, V. Emilsson, R. Erbel, J. 
G. Eriksson, J. Escobedo, T. Esko, E. Eury, 
J. C. Florez, P. Fontanillas, N. G. Forouhi, T. 
Forsen, C. Fox, R. M. Fraser, T. M. Frayling, 
P. Froguel, P. Frossard, Y. Gao, K. Gertow, C. 
Gieger, B. Gigante, H. Grallert, G. B. Grant, 
L. C. Grrop, C. J. Groves, E. Grundberg, C. 
Guiducci, A. Hamsten, B. G. Han, K. Hara, 
N. Hassanali, A. T. Hattersley, C. Hayward, 
A. K. Hedman, C. Herder, A. Hofman, O. L. 
Holmen, K. Hovingh, A. B. Hreidarsson, C. 
Hu, F. B. Hu, J. Hui, S. E. Humphries, S. E. 
Hunt, D. J. Hunter, K. Hveem, Z. I. Hydrie, 
H. Ikegami, T. Illig, E. Ingelsson, M. Islam, B. 
Isomaa, A. U. Jackson, T. Jafar, A. James, W. 
Jia, K. H. Jockel, A. Jonsson, J. B. Jowett, T. 
Kadowaki, H. M. Kang, S. Kanoni, W. H. Kao, 
S. Kathiresan, N. Kato, P. Katulanda, K. M. 
Keinanen-Kiukaanniemi, A. M. Kelly, H. Khan, 
K. T. Khaw, C. C. Khor, H. L. Kim, S. Kim, Y. J. 
Kim, L. Kinnunen, N. Klopp, A. Kong, E. Korpi-
Hyovalti, S. Kowlessur, P. Kraft, J. Kravic, 
M. M. Kristensen, S. Krithika, A. Kumar, J. 
Kumate, J. Kuusisto, S. H. Kwak, M. Laakso, 
V. Lagou, T. A. Lakka, C. Langenberg, C. 
Langford, R. Lawrence, K. Leander, J. M. 
Lee, N. R. Lee, M. Li, X. Li, Y. Li, J. Liang, 
S. Liju, W. Y. Lim, L. Lind, C. M. Lindgren, E. 
Lindholm, C. T. Liu, J. J. Liu, S. Lobbens, J. 
Long, R. J. Loos, W. Lu, J. Luan, V. Lyssenko, 
R. C. Ma, S. Maeda, R. Magi, S. Mannisto, 
D. R. Matthews, J. B. Meigs, O. Melander, A. 

Metspalu, J. Meyer, G. Mirza, E. Mihailov, S. 
Moebus, V. Mohan, K. L. Mohlke, A. D. Morris, 
T. W. Muhleisen, M. Muller-Nurasyid, B. Musk, 
J. Nakamura, E. Nakashima, P. Navarro, P. 
K. Ng, A. C. Nica, P. M. Nilsson, I. Njolstad, 
M. M. Nothen, K. Ohnaka, T. H. Ong, K. R. 
Owen, C. N. Palmer, J. S. Pankow, K. S. Park, 
M. Parkin, S. Pechlivanis, N. L. Pedersen, 
L. Peltonen, J. R. Perry, A. Peters, J. M. 
Pinidiyapathirage, C. G. Platou, S. Potter, J. F. 
Price, L. Qi, V. Radha, L. Rallidis, A. Rasheed, 
W. Rathman, R. Rauramaa, S. Raychaudhuri, 
N. W. Rayner, S. D. Rees, E. Rehnberg, S. 
Ripatti, N. Robertson, M. Roden, E. J. Rossin, 
I. Rudan, D. Rybin, T. E. Saaristo, V. Salomaa, 
J. Saltevo, M. Samuel, D. K. Sanghera, J. 
Saramies, J. Scott, L. J. Scott, R. A. Scott, A. 
V. Segre, J. Sehmi, B. Sennblad, N. Shah, S. 
Shah, A. S. Shera, X. O. Shu, A. R. Shuldiner, 
G. Sigurdsson, E. Sijbrands, A. Silveira, X. 
Sim, S. Sivapalaratnam, K. S. Small, W. 
Y. So, A. Stancakova, K. Stefansson, G. 
Steinbach, V. Steinthorsdottir, K. Stirrups, R. J. 
Strawbridge, H. M. Stringham, Q. Sun, C. Suo, 
A. C. Syvanen, R. Takayanagi, F. Takeuchi, 
W. T. Tay, T. M. Teslovich, B. Thorand, G. 
Thorleifsson, U. Thorsteinsdottir, E. Tikkanen, 
J. Trakalo, E. Tremoli, M. D. Trip, F. J. Tsai, 
T. Tuomi, J. Tuomilehto, A. G. Uitterlinden, 
A. Valladares-Salgado, S. Vedantam, F. 
Veglia, B. F. Voight, C. Wang, N. J. Wareham, 
R. Wennauer, A. R. Wickremasinghe, T. 
Wilsgaard, J. F. Wilson, S. Wiltshire, W. 
Winckler, T. Y. Wong, A. R. Wood, J. Y. Wu, Y. 
Wu, K. Yamamoto, T. Yamauchi, M. Yang, L. 
Yengo, M. Yokota, R. Young, D. Zabaneh, F. 
Zhang, R. Zhang, W. Zheng, P. Z. Zimmet, D. 
Altshuler, D. W. Bowden, Y. S. Cho, N. J. Cox, 
M. Cruz, C. L. Hanis, J. Kooner, J. Y. Lee, M. 
Seielstad, Y. Y. Teo, M. Boehnke, E. J. Parra, 
J. C. Chambers, E. S. Tai, M. I. McCarthy and 
A. P. Morris: Genome-wide trans-ancestry 
meta-analysis provides insight into the genetic 
architecture of type 2 diabetes susceptibility. 
Nat Genet, 46(3), 234-44 (2014)

11.	 T. A. Manolio, F. S. Collins, N. J. Cox, D. B. 
Goldstein, L. A. Hindorff, D. J. Hunter, M. I. 
McCarthy, E. M. Ramos, L. R. Cardon, A. 
Chakravarti, J. H. Cho, A. E. Guttmacher, A. 
Kong, L. Kruglyak, E. Mardis, C. N. Rotimi, 
M. Slatkin, D. Valle, A. S. Whittemore, M. 
Boehnke, A. G. Clark, E. E. Eichler, G. Gibson, 
J. L. Haines, T. F. Mackay, S. A. McCarroll and 



Mitochondrial DNA variation and pathogenesis of diabetes mellitus

	 1159� © 1996-2016

P. M. Visscher: Finding the missing heritability 
of complex diseases. Nature, 461(7265), 
747-53 (2009)
DOI: 10.1038/nature08494

12.	 J. H. Ohn, S. H. Kwak, Y. M. Cho, S. Lim, H. 
C. Jang, K. S. Park and N. H. Cho: 10-year 
trajectory of beta-cell function and insulin 
sensitivity in the development of type  2 
diabetes: a community-based prospective 
cohort study. Lancet Diabetes Endocrinol 
(2015)
DOI: 10.1016/S2213-8587(15)00336-8

13.	 F. M. Ashcroft, P. Proks, P. A. Smith, C. 
Ammala, K. Bokvist and P. Rorsman: Stimulus-
secretion coupling in pancreatic beta cells. 
J Cell Biochem, 55 Suppl, 54-65 (1994)
DOI: 10.1002/jcb.240550007

14.	 J. Lang: Molecular mechanisms and 
regulation of insulin exocytosis as a paradigm 
of endocrine secretion. Eur J Biochem, 259(1-
2), 3-17 (1999)
DOI: 10.1046/j.1432-1327.1999.00043.x

15.	 J. A. Maassen, G. M. Janssen and L. M. t 
Hart: Molecular mechanisms of mitochondrial 
diabetes (MIDD). Ann Med, 37(3), 
213-21 (2005)
DOI: 10.1080/07853890510007188

16.	 E. Ferrannini, D. C. Simonson, L. D. Katz, 
G. Reichard, Jr., S. Bevilacqua, E. J. Barrett, 
M. Olsson and R. A. DeFronzo: The disposal 
of an oral glucose load in patients with non-
insulin-dependent diabetes. Metabolism, 
37(1), 79-85 (1988)
DOI: 10.1016/0026-0495(88)90033-9

17.	 R. A. DeFronzo and D. Tripathy: Skeletal 
muscle insulin resistance is the primary defect 
in type 2 diabetes. Diabetes Care, 32 Suppl 2, 
S157-63 (2009)
DOI: 10.2337/dc09-S302

18.	 G. I. Shulman: Ectopic fat in insulin resistance, 
dyslipidemia, and cardiometabolic disease. 
N Engl J Med, 371(12), 1131-41 (2014)
DOI: 10.1056/NEJMra1011035

19.	 S. Supale, N. Li, T. Brun and P. Maechler: 
Mitochondrial dysfunction in pancreatic 
beta cells. Trends Endocrinol Metab, 23(9), 
477-87 (2012)
DOI: 10.1016/j.tem.2012.06.002

20.	 D. C. Wallace: A  mitochondrial paradigm of 
metabolic and degenerative diseases, aging, 

and cancer: a dawn for evolutionary medicine. 
Annu Rev Genet, 39, 359-407 (2005)
DOI: 10.1146/annurev.genet.39.110304. 
095751

21.	 N. G. Larsson, J. Wang, H. Wilhelmsson, A. 
Oldfors, P. Rustin, M. Lewandoski, G. S. Barsh 
and D. A. Clayton: Mitochondrial transcription 
factor A is necessary for mtDNA maintenance 
and embryogenesis in mice. Nat Genet, 18(3), 
231-6 (1998)
(1998)
 DOI: 10.1038/ng0398-231

22.	 J. P. Silva, M. Kohler, C. Graff, A. Oldfors, 
M. A. Magnuson, P. O. Berggren and N. G. 
Larsson: Impaired insulin secretion and beta-
cell loss in tissue-specific knockout mice with 
mitochondrial diabetes. Nat Genet, 26(3), 
336-40 (2000)
DOI: 10.1038/81649

23.	 T. Koeck, A. H. Olsson, M. D. Nitert, V. 
V. Sharoyko, C. Ladenvall, O. Kotova, E. 
Reiling, T. Ronn, H. Parikh, J. Taneera, J. G. 
Eriksson, M. D. Metodiev, N. G. Larsson, A. 
Balhuizen, H. Luthman, A. Stancakova, J. 
Kuusisto, M. Laakso, P. Poulsen, A. Vaag, L. 
Groop, V. Lyssenko, H. Mulder and C. Ling: 
A  common variant in TFB1M is associated 
with reduced insulin secretion and increased 
future risk of type  2 diabetes. Cell Metab, 
13(1), 80-91 (2011)
DOI: 10.1016/j.cmet.2010.12.007

24.	 M. D. Metodiev, N. Lesko, C. B. Park, Y. 
Camara, Y. Shi, R. Wibom, K. Hultenby, C. M. 
Gustafsson and N. G. Larsson: Methylation 
of 12S rRNA is necessary for in vivo stability 
of the small subunit of the mammalian 
mitochondrial ribosome. Cell Metab, 9(4), 
386-97 (2009)
DOI: 10.1016/j.cmet.2009.03.001

25.	 V. V. Sharoyko, M. Abels, J. Sun, L. M. Nicholas, 
I. G. Mollet, J. A. Stamenkovic, I. Gohring, S. 
Malmgren, P. Storm, J. Fadista, P. Spegel, M. 
D. Metodiev, N. G. Larsson, L. Eliasson, N. 
Wierup and H. Mulder: Loss of TFB1M results 
in mitochondrial dysfunction that leads to 
impaired insulin secretion and diabetes. Hum 
Mol Genet, 23(21), 5733-49 (2014)
DOI: 10.1093/hmg/ddu288

26.	 S. Raha and B. H. Robinson: Mitochondria, 
oxygen free radicals, disease and ageing. 
Trends Biochem Sci, 25(10), 502-8 (2000)

http://dx.doi.org/10.1038/nature08494
http://dx.doi.org/10.1016/S2213-8587(15
http://dx.doi.org/10.1002/jcb.240550007
http://dx.doi.org/10.1046/j.1432-1327.1999.00043.x
http://dx.doi.org/10.1080/07853890510007188
http://dx.doi.org/10.1016/0026-0495(88
http://dx.doi.org/10.2337/dc09-S302
http://dx.doi.org/10.1056/NEJMra1011035
http://dx.doi.org/10.1016/j.tem.2012.06.002
http://dx.doi.org/10.1146/annurev.genet.39.110304.095751
http://dx.doi.org/10.1146/annurev.genet.39.110304.095751
http://dx.doi.org/10.1038/ng0398-231
http://dx.doi.org/10.1038/81649
http://dx.doi.org/10.1016/j.cmet.2010.12.007
http://dx.doi.org/10.1016/j.cmet.2009.03.001
http://dx.doi.org/10.1093/hmg/ddu288


Mitochondrial DNA variation and pathogenesis of diabetes mellitus

	 1160� © 1996-2016

DOI: 10.1016/S0968-0004(00)01674-1
27.	 G. Ambrosio, J. L. Zweier, C. Duilio, P. 

Kuppusamy, G. Santoro, P. P. Elia, I. Tritto, 
P. Cirillo, M. Condorelli, M. Chiariello and 
et al.: Evidence that mitochondrial respiration 
is a source of potentially toxic oxygen free 
radicals in intact rabbit hearts subjected to 
ischemia and reflow. J  Biol Chem, 268(25), 
18532-41 (1993)

28.	 J. Pi, Y. Bai, Q. Zhang, V. Wong, L. M. 
Floering, K. Daniel, J. M. Reece, J. T. 
Deeney, M. E. Andersen, B. E. Corkey and 
S. Collins: Reactive oxygen species as a 
signal in glucose-stimulated insulin secretion. 
Diabetes, 56(7), 1783-91 (2007)
DOI: 10.2337/db06-1601

29.	 S. G. Rhee: Cell signaling. H2O2, a necessary 
evil for cell signaling. Science, 312(5782), 
1882-3 (2006)
DOI: 10.1126/science.1130481

30.	 P. Maechler, L. Jornot and C. B. Wollheim: 
Hydrogen peroxide alters mitochondrial 
activation and insulin secretion in 
pancreatic beta cells. J Biol Chem, 274(39), 
27905-13 (1999)
DOI: 10.1074/jbc.274.39.27905

31.	 L. Kang, C. Dai, M. E. Lustig, J. S. Bonner, W. 
H. Mayes, S. Mokshagundam, F. D. James, 
C. S. Thompson, C. T. Lin, C. G. Perry, E. J. 
Anderson, P. D. Neufer, D. H. Wasserman and 
A. C. Powers: Heterozygous SOD2 Deletion 
Impairs Glucose-Stimulated Insulin Secretion, 
but not Insulin Action in High Fat-Fed Mice. 
Diabetes (2014)
DOI: 10.2337/db13-1845

32.	 S. Deng, M. Vatamaniuk, X. Huang, N. Doliba, 
M. M. Lian, A. Frank, E. Velidedeoglu, N. M. 
Desai, B. Koeberlein, B. Wolf, C. F. Barker, A. 
Naji, F. M. Matschinsky and J. F. Markmann: 
Structural and functional abnormalities in the 
islets isolated from type  2 diabetic subjects. 
Diabetes, 53(3), 624-32 (2004)
DOI: 10.2337/diabetes.53.3.624

33.	 M. Anello, R. Lupi, D. Spampinato, S. Piro, 
M. Masini, U. Boggi, S. Del Prato, A. M. 
Rabuazzo, F. Purrello and P. Marchetti: 
Functional and morphological alterations of 
mitochondria in pancreatic beta cells from 
type 2 diabetic patients. Diabetologia, 48(2), 
282-9 (2005)
DOI: 10.1007/s00125-004-1627-9

34.	 C. Wang and R. J. Youle: The role of 
mitochondria in apoptosis*. Annu Rev Genet, 
43, 95-118 (2009)
DOI: 10.1146/annurev-genet-102108-134850

35.	 W. El-Assaad, E. Joly, A. Barbeau, R. 
Sladek, J. Buteau, I. Maestre, E. Pepin, S. 
Zhao, J. Iglesias, E. Roche and M. Prentki: 
Glucolipotoxicity alters lipid partitioning and 
causes mitochondrial dysfunction, cholesterol, 
and ceramide deposition and reactive oxygen 
species production in INS832/13 ss-cells. 
Endocrinology, 151(7), 3061-73 (2010)
DOI: 10.1210/en.2009-1238

36.	 A. Ardestani, F. Paroni, Z. Azizi, S. Kaur, V. 
Khobragade, T. Yuan, T. Frogne, W. Tao, J. 
Oberholzer, F. Pattou, J. Kerr Conte and K. 
Maedler: MST1 is a key regulator of beta cell 
apoptosis and dysfunction in diabetes. Nat 
Med, 20(4), 385-97 (2014)
(2014) DOI: 10.1038/nm.3482

37.	 H. K. Lee, J. H. Song, C. S. Shin, D. J. Park, K. 
S. Park, K. U. Lee and C. S. Koh: Decreased 
mitochondrial DNA content in peripheral blood 
precedes the development of non-insulin-
dependent diabetes mellitus. Diabetes Res 
Clin Pract, 42(3), 161-7 (1998)
DOI: 10.1016/S0168-8227(98)00110-7

38.	 V. Rimbert, Y. Boirie, M. Bedu, J. F. Hocquette, 
P. Ritz and B. Morio: Muscle fat oxidative 
capacity is not impaired by age but by physical 
inactivity: association with insulin sensitivity. 
FASEB J, 18(6), 737-9 (2004)
DOI: 10.1096/fj.03-1104fje

39.	 K. F. Petersen, D. Befroy, S. Dufour, J. Dziura, 
C. Ariyan, D. L. Rothman, L. DiPietro, G. 
W. Cline and G. I. Shulman: Mitochondrial 
dysfunction in the elderly: possible role in 
insulin resistance. Science, 300(5622), 
1140-2 (2003)
DOI: 10.1126/science.1082889

40.	 K. F. Petersen, S. Dufour, D. Befroy, R. Garcia 
and G. I. Shulman: Impaired mitochondrial 
activity in the insulin-resistant offspring of 
patients with type 2 diabetes. N Engl J Med, 
350(7), 664-71 (2004)
DOI: 10.1056/NEJMoa031314

41.	 V. K. Mootha, C. M. Lindgren, K. F. Eriksson, 
A. Subramanian, S. Sihag, J. Lehar, P. 
Puigserver, E. Carlsson, M. Ridderstrale, 
E. Laurila, N. Houstis, M. J. Daly, N. 
Patterson, J. P. Mesirov, T. R. Golub, P. 

http://dx.doi.org/10.1016/S0968-0004(00
http://dx.doi.org/10.2337/db06-1601
http://dx.doi.org/10.1126/science.1130481
http://dx.doi.org/10.1074/jbc.274.39.27905
http://dx.doi.org/10.2337/db13-1845
http://dx.doi.org/10.2337/diabetes.53.3.624
http://dx.doi.org/10.1007/s00125-004-1627-9
http://dx.doi.org/10.1146/annurev-genet-102108-134850
http://dx.doi.org/10.1210/en.2009-1238
http://dx.doi.org/10.1038/nm.3482
http://dx.doi.org/10.1016/S0168-8227(98
http://dx.doi.org/10.1096/fj.03-1104fje
http://dx.doi.org/10.1126/science.1082889
http://dx.doi.org/10.1056/NEJMoa031314


Mitochondrial DNA variation and pathogenesis of diabetes mellitus

	 1161� © 1996-2016

Tamayo, B. Spiegelman, E. S. Lander, J. N. 
Hirschhorn, D. Altshuler and L. C. Groop: 
PGC-1alpha-responsive genes involved in 
oxidative phosphorylation are coordinately 
downregulated in human diabetes. Nat Genet, 
34(3), 267-73 (2003)
DOI: 10.1038/ng1180

42.	 M. E. Patti, A. J. Butte, S. Crunkhorn, K. Cusi, 
R. Berria, S. Kashyap, Y. Miyazaki, I. Kohane, 
M. Costello, R. Saccone, E. J. Landaker, A. B. 
Goldfine, E. Mun, R. DeFronzo, J. Finlayson, 
C. R. Kahn and L. J. Mandarino: Coordinated 
reduction of genes of oxidative metabolism in 
humans with insulin resistance and diabetes: 
Potential role of PGC1 and NRF1. Proc Natl 
Acad Sci U S A, 100(14), 8466-71 (2003)
DOI: 10.1073/pnas.1032913100

43.	 R. Boushel, E. Gnaiger, P. Schjerling, M. 
Skovbro, R. Kraunsoe and F. Dela: Patients 
with type 2 diabetes have normal mitochondrial 
function in skeletal muscle. Diabetologia, 
50(4), 790-6 (2007)
DOI: 10.1007/s00125-007-0594-3

44.	 D. E. Befroy, K. F. Petersen, S. Dufour, G. F. 
Mason, R. A. de Graaf, D. L. Rothman and G. 
I. Shulman: Impaired mitochondrial substrate 
oxidation in muscle of insulin-resistant 
offspring of type 2 diabetic patients. Diabetes, 
56(5), 1376-81 (2007)
DOI: 10.2337/db06-0783

45.	 J. O. Holloszy: “Deficiency” of mitochondria 
in muscle does not cause insulin resistance. 
Diabetes, 62(4), 1036-40 (2013)
DOI: 10.2337/db12-1107

46.	 B. H. Goodpaster: Mitochondrial deficiency is 
associated with insulin resistance. Diabetes, 
62(4), 1032-5 (2013)
DOI: 10.2337/db12-1612

47.	 K. S. Nair, M. L. Bigelow, Y. W. Asmann, L. 
S. Chow, J. M. Coenen-Schimke, K. A. Klaus, 
Z. K. Guo, R. Sreekumar and B. A. Irving: 
Asian Indians have enhanced skeletal muscle 
mitochondrial capacity to produce ATP in 
association with severe insulin resistance. 
Diabetes, 57(5), 1166-75 (2008)
DOI: 10.2337/db07-1556

48.	 J. A. Pospisilik, C. Knauf, N. Joza, P. Benit, 
M. Orthofer, P. D. Cani, I. Ebersberger, T. 
Nakashima, R. Sarao, G. Neely, H. Esterbauer, 
A. Kozlov, C. R. Kahn, G. Kroemer, P. Rustin, 
R. Burcelin and J. M. Penninger: Targeted 

deletion of AIF decreases mitochondrial 
oxidative phosphorylation and protects 
from obesity and diabetes. Cell, 131(3), 
476-91 (2007)
DOI: 10.1016/j.cell.2007.08.047

49.	 S. Lim, Y. M. Cho, K. S. Park and H. K. Lee: 
Persistent organic pollutants, mitochondrial 
dysfunction, and metabolic syndrome. Ann N 
Y Acad Sci, 1201, 166-76 (2010)
DOI: 10.1111/j.1749-6632.2010.05622.x

50.	 H. K. Lee, Y. M. Cho, S. H. Kwak, S. Lim, 
K. S. Park and E. B. Shim: Mitochondrial 
dysfunction and metabolic syndrome-looking 
for environmental factors. Biochim Biophys 
Acta, 1800(3), 282-9 (2010)
DOI: 10.1016/j.bbagen.2009.11.010

51.	 S. Anderson, A. T. Bankier, B. G. Barrell, M. 
H. de Bruijn, A. R. Coulson, J. Drouin, I. C. 
Eperon, D. P. Nierlich, B. A. Roe, F. Sanger, 
P. H. Schreier, A. J. Smith, R. Staden and 
I. G. Young: Sequence and organization of 
the human mitochondrial genome. Nature, 
290(5806), 457-65 (1981)
DOI: 10.1038/290457a0

52.	 D. C. Wallace: Mitochondrial diseases 
in man and mouse. Science, 283(5407), 
1482-8 (1999)
DOI: 10.1126/science.283.5407.1482

53.	 A. Arnberg, E. F. van Bruggen and P. Borst: 
The presence of DNA molecules with a 
displacement loop in standard mitochondrial 
DNA preparations. Biochim Biophys Acta, 
246(2), 353-7 (1971)
DOI: 10.1016/0005-2787(71)90147-X

54.	 B. D. Greenberg, J. E. Newbold and A. 
Sugino: Intraspecific nucleotide sequence 
variability surrounding the origin of replication 
in human mitochondrial DNA. Gene, 21(1-2), 
33-49 (1983)
DOI: 10.1016/0378-1119(83)90145-2

55.	 J. Song, J. Y. Oh, Y. A. Sung, Y. K. Pak, K. 
S. Park and H. K. Lee: Peripheral blood 
mitochondrial DNA content is related to 
insulin sensitivity in offspring of type 2 diabetic 
patients. Diabetes Care, 24(5), 865-9 (2001)
DOI: 10.2337/diacare.24.5.865

56.	 K. S. Park, J. H. Song, K. U. Lee, C. S. Choi, 
J. J. Koh, C. S. Shin and H. K. Lee: Peripheral 
blood mitochondrial DNA content correlates 
with lipid oxidation rate during euglycemic 

http://dx.doi.org/10.1038/ng1180
http://dx.doi.org/10.1073/pnas.1032913100
http://dx.doi.org/10.1007/s00125-007-0594-3
http://dx.doi.org/10.2337/db06-0783
http://dx.doi.org/10.2337/db12-1107
http://dx.doi.org/10.2337/db12-1612
http://dx.doi.org/10.2337/db07-1556
http://dx.doi.org/10.1016/j.cell.2007.08.047
http://dx.doi.org/10.1111/j.1749-6632.2010.05622.x
http://dx.doi.org/10.1016/j.bbagen.2009.11.010
http://dx.doi.org/10.1038/290457a0
http://dx.doi.org/10.1126/science.283.5407.1482
http://dx.doi.org/10.1016/0005-2787(71
http://dx.doi.org/10.1016/0378-1119(83
http://dx.doi.org/10.2337/diacare.24.5.865


Mitochondrial DNA variation and pathogenesis of diabetes mellitus

	 1162� © 1996-2016

clamps in healthy young men. Diabetes Res 
Clin Pract, 46(2), 149-54 (1999)
DOI: 10.1016/S0168-8227(99)00086-8

57.	 K. S. Park, K. U. Lee, J. H. Song, C. S. Choi, 
C. S. Shin, D. J. Park, S. K. Kim, J. J. Koh 
and H. K. Lee: Peripheral blood mitochondrial 
DNA content is inversely correlated with 
insulin secretion during hyperglycemic clamp 
studies in healthy young men. Diabetes Res 
Clin Pract, 52(2), 97-102 (2001)
DOI: 10.1016/S0168-8227(00)00237-0

58.	 S. Lim, K. S. Park, M. S. Kim, B. Y. Cho and 
H. K. Lee: Relationship between various 
surrogate indices of insulin resistance and 
mitochondrial DNA content in the peripheral 
blood of 18 healthy volunteers. Mitochondrion, 
1(1), 71-7 (2001)
DOI: 10.1016/S1567-7249(01)00003-4

59.	 F. X. Xu, X. Zhou, F. Shen, R. Pang and S. M. 
Liu: Decreased peripheral blood mitochondrial 
DNA content is related to HbA1c, fasting 
plasma glucose level and age of onset in 
type 2 diabetes mellitus. Diabet Med, 29(7), 
e47-54 (2012)
DOI: 10.1111/j.1464-5491.2011.03565.x

60.	 S. W. Weng, T. K. Lin, C. W. Liou, S. D. Chen, 
Y. H. Wei, H. C. Lee, I. Y. Chen, C. J. Hsieh and 
P. W. Wang: Peripheral blood mitochondrial 
DNA content and dysregulation of glucose 
metabolism. Diabetes Res Clin Pract, 83(1), 
94-9 (2009)
DOI: 10.1016/j.diabres.2008.10.002

61.	 R. Singh, A. T. Hattersley and L. W. Harries: 
Reduced peripheral blood mitochondrial DNA 
content is not a risk factor for Type 2 diabetes. 
Diabet Med, 24(7), 784-7 (2007)
DOI: 10.1111/j.1464-5491.2007.02164.x

62.	 E. Reiling, C. Ling, A. G. Uitterlinden, E. 
Van’t Riet, L. M. Welschen, C. Ladenvall, 
P. Almgren, V. Lyssenko, G. Nijpels, E. C. 
van Hove, J. A. Maassen, E. J. de Geus, 
D. I. Boomsma, J. M. Dekker, L. Groop, G. 
Willemsen and L. M. t Hart: The association 
of mitochondrial content with prevalent and 
incident type  2 diabetes. J  Clin Endocrinol 
Metab, 95(4), 1909-15 (2010)
DOI: 10.1210/jc.2009-1775

63.	 J. M. van den Ouweland, H. H. Lemkes, W. 
Ruitenbeek, L. A. Sandkuijl, M. F. de Vijlder, 
P. A. Struyvenberg, J. J. van de Kamp and 
J. A. Maassen: Mutation in mitochondrial 

tRNA(Leu)(UUR) gene in a large pedigree 
with maternally transmitted type  II diabetes 
mellitus and deafness. Nat Genet, 1(5), 
368-71 (1992)
DOI: 10.1038/ng0892-368

64.	 D. M. Sproule and P. Kaufmann: Mitochondrial 
encephalopathy, lactic acidosis, and 
strokelike episodes: basic concepts, clinical 
phenotype, and therapeutic management of 
MELAS syndrome. Ann N Y Acad Sci, 1142, 
133-58 (2008)
DOI: 10.1196/annals.1444.011

65.	 K. Tsukuda, Y. Suzuki, K. Kameoka, N. Osawa, 
Y. Goto, H. Katagiri, T. Asano, Y. Yazaki and 
Y. Oka: Screening of patients with maternally 
transmitted diabetes for mitochondrial gene 
mutations in the tRNA[Leu(UUR)] region. 
Diabet Med, 14(12), 1032-7 (1997)
DOI: 10.1002/(SICI)1096-9136(199712) 
14:12<1032: AID-DIA504>3.0.CO;2-Y

66.	 M. C. Ng, V. T. Yeung, C. C. Chow, J. K. Li, 
P. R. Smith, C. H. Mijovic, J. A. Critchley, A. 
H. Barnett, C. S. Cockram and J. C. Chan: 
Mitochondrial DNA A3243G mutation in 
patients with early-  or late-onset type  2 
diabetes mellitus in Hong Kong Chinese. Clin 
Endocrinol (Oxf), 52(5), 557-64 (2000)
DOI: 10.1046/j.1365-2265.2000.00989.x

67.	 S. Otabe, H. Sakura, K. Shimokawa, Y. Mori, 
H. Kadowaki, K. Yasuda, K. Nonaka, R. 
Hagura, Y. Akanuma, Y. Yazaki and et al.: The 
high prevalence of the diabetic patients with a 
mutation in the mitochondrial gene in Japan. 
J Clin Endocrinol Metab, 79(3), 768-71 (1994)

68.	 K. Xiang, Y. Wang, S. Wu, H. Lu, T. Zheng, 
D. Sun, Q. Weng, W. Jia, W. Shen, L. Pu and 
J. He: Mitochondrial tRNA(Leu(UUR)) gene 
mutation diabetes mellitus in Chinese. Chin 
Med J (Engl), 110(5), 372-8 (1997)

69.	 C. S. Shin, S. K. Kim, K. S. Park, W. B. 
Kim, S. Y. Kim, B. Y. Cho, H. K. Lee, C. S. 
Koh, C. H. Shin and J. B. Lee: A new point 
mutation (3426, A to G) in mitochondrial 
NADH dehydrogenase gene in Korean 
diabetic patients which mimics 3243 mutation 
by restriction fragment length polymorphism 
pattern. Endocr J, 45(1), 105-10 (1998)
DOI: 10.1507/endocrj.45.105

70.	 P. J. Saker, A. T. Hattersley, B. Barrow, M. S. 
Hammersley, V. Horton, M. D. Gillmer and 
R. C. Turner: UKPDS 21: low prevalence 

http://dx.doi.org/10.1016/S0168-8227(99
http://dx.doi.org/10.1016/S0168-8227(00
http://dx.doi.org/10.1016/S1567-7249(01
http://dx.doi.org/10.1111/j.1464-5491.2011.03565.x
http://dx.doi.org/10.1016/j.diabres.2008.10.002
http://dx.doi.org/10.1111/j.1464-5491.2007.02164.x
http://dx.doi.org/10.1210/jc.2009-1775
http://dx.doi.org/10.1038/ng0892-368
http://dx.doi.org/10.1196/annals.1444.011
http://dx.doi.org/10.1002/(SICI
http://dx.doi.org/10.1002/(SICI
http://dx.doi.org/10.1046/j.1365-2265.2000.00989.x
http://dx.doi.org/10.1507/endocrj.45.105


Mitochondrial DNA variation and pathogenesis of diabetes mellitus

	 1163� © 1996-2016

of the mitochondrial transfer RNA gene 
(tRNA(Leu(UUR))) mutation at position 
3243bp in UK Caucasian type  2 diabetic 
patients. Diabet Med, 14(1), 42-5 (1997)
DOI: 10.1002/(SICI)1096-9136(199701)14: 
1<42:AID-DIA295>3.0.CO;2-T

71.	 T. Klemm, S. Neumann, B. Trulzsch, F. 
Pistrosch, M. Hanefeld and R. Paschke: 
Search for mitochondrial DNA mutation at 
position 3243 in German patients with a 
positive family history of maternal diabetes 
mellitus. Exp Clin Endocrinol Diabetes, 
109(5), 283-7 (2001)
DOI: 10.1055/s-2001-16348

72.	 M. Fukui, K. Nakano, H. Obayashi, Y. 
Kitagawa, N. Nakamura, H. Mori, S. Kajiyama, 
S. Wada, M. Fujii, K. Yoshimori, T. Kanaitsuka, 
H. Shigeta and M. Kondo: High prevalence of 
mitochondrial diabetes mellitus in Japanese 
patients with major risk factors. Metabolism, 
46(7), 793-5 (1997)
DOI: 10.1016/S0026-0495(97)90124-4

73.	 N. Iwasaki, T. Babazono, K. Tsuchiya, O. 
Tomonaga, A. Suzuki, M. Togashi, N. Ujihara, 
Y. Sakka, H. Yokokawa, M. Ogata, H. Nihei and 
Y. Iwamoto: Prevalence of A-to-G mutation 
at nucleotide 3243 of the mitochondrial 
tRNA(Leu(UUR)) gene in Japanese patients 
with diabetes mellitus and end stage renal 
disease. J Hum Genet, 46(6), 330-4 (2001)
DOI: 10.1007/s100380170068

74.	 W. J. Lee, H. W. Lee, J. P. Palmer, K. S. Park, 
H. K. Lee, J. Y. Park, S. K. Hong and K. U. 
Lee: Islet cell autoimmunity and mitochondrial 
DNA mutation in Korean subjects with typical 
and atypical Type  I diabetes. Diabetologia, 
44(12), 2187-91 (2001)
DOI: 10.1007/s001250100028

75.	 T. Kadowaki, H. Kadowaki, Y. Mori, K. Tobe, 
R. Sakuta, Y. Suzuki, Y. Tanabe, H. Sakura, 
T. Awata, Y. Goto and et al.: A  subtype of 
diabetes mellitus associated with a mutation 
of mitochondrial DNA. N Engl J Med, 330(14), 
962-8 (1994)
DOI: 10.1056/NEJM199404073301403

76.	 H. Katagiri, T. Asano, H. Ishihara, K. Inukai, 
M. Anai, T. Yamanouchi, K. Tsukuda, M. 
Kikuchi, H. Kitaoka, N. Ohsawa and et al.: 
Mitochondrial diabetes mellitus: prevalence 
and clinical characterization of diabetes 
due to mitochondrial tRNA(Leu(UUR)) gene 

mutation in Japanese patients. Diabetologia, 
37(5), 504-10 (1994)
DOI: 10.1007/s001250050139

77.	 M. Kishimoto, M. Hashiramoto, S. Araki, Y. 
Ishida, T. Kazumi, E. Kanda and M. Kasuga: 
Diabetes mellitus carrying a mutation in 
the mitochondrial tRNA(Leu(UUR)) gene. 
Diabetologia, 38(2), 193-200 (1995)
DOI: 10.1007/BF00400094

78.	 S. Manouvrier, A. Rotig, G. Hannebique, J. D. 
Gheerbrandt, G. Royer-Legrain, A. Munnich, 
M. Parent, J. P. Grunfeld, C. Largilliere, 
A. Lombes and et al.: Point mutation of the 
mitochondrial tRNA(Leu) gene (A 3243 
G) in maternally inherited hypertrophic 
cardiomyopathy, diabetes mellitus, renal 
failure, and sensorineural deafness. J  Med 
Genet, 32(8), 654-6 (1995)
DOI: 10.1136/jmg.32.8.654

79.	 C. A. Bonte, G. L. Matthijs, J. J. Cassiman 
and A. M. Leys: Macular pattern dystrophy in 
patients with deafness and diabetes. Retina, 
17(3), 216-21 (1997)
DOI: 10.1097/00006982-199705000-00008

80.	 J. J. Jansen, J. A. Maassen, F. J. van der 
Woude, H. A. Lemmink, J. M. van den 
Ouweland, L. M. t’ Hart, H. J. Smeets, 
J. A. Bruijn and H. H. Lemkes: Mutation 
in mitochondrial tRNA(Leu(UUR)) gene 
associated with progressive kidney disease. 
J Am Soc Nephrol, 8(7), 1118-24 (1997)

81.	 H. Narbonne, V. Paquis-Fluckinger, R. Valero, 
L. Heyries, J. F. Pellissier and B. Vialettes: 
Gastrointestinal tract symptoms in Maternally 
Inherited Diabetes and Deafness (MIDD). 
Diabetes Metab, 30(1), 61-6 (2004)
DOI: 10.1016/S1262-3636(07)70090-3

82.	 S. Nohara, M. Iwase, H. Imoto, N. Sasaki, U. 
Nakamura, Y. Uchizono, S. Abe, Y. Doi and M. 
Iida: Gastric emptying in patients with Type 2 
diabetes mellitus and diabetes associated 
with mitochondrial DNA 3243 mutation using 
13C-octanoic acid breath test. J  Diabetes 
Complications, 20(5), 295-301 (2006)
DOI: 10.1016/j.jdiacomp.2005.07.007

83.	 S. Suzuki: Diabetes mellitus with mitochondrial 
gene mutations in Japan. Ann N Y Acad Sci, 
1011, 185-92 (2004)
DOI: 10.1196/annals.1293.019

84.	 M. Laloi-Michelin, T. Meas, C. Ambonville, C. 

http://dx.doi.org/10.1002/(SICI
http://dx.doi.org/10.1002/(SICI
http://dx.doi.org/10.1055/s-2001-16348
http://dx.doi.org/10.1016/S0026-0495(97
http://dx.doi.org/10.1007/s100380170068
http://dx.doi.org/10.1007/s001250100028
http://dx.doi.org/10.1056/NEJM199404073301403
http://dx.doi.org/10.1007/s001250050139
http://dx.doi.org/10.1007/BF00400094
http://dx.doi.org/10.1136/jmg.32.8.654
http://dx.doi.org/10.1097/00006982-199705000-00008
http://dx.doi.org/10.1016/S1262-3636(07
http://dx.doi.org/10.1016/j.jdiacomp.2005.07.007
http://dx.doi.org/10.1196/annals.1293.019


Mitochondrial DNA variation and pathogenesis of diabetes mellitus

	 1164� © 1996-2016

Bellanne-Chantelot, S. Beaufils, P. Massin, 
B. Vialettes, H. Gin, J. Timsit, B. Bauduceau, 
L. Bernard, E. Bertin, J. F. Blickle, J. Cahen-
Varsaux, A. Cailleba, S. Casanova, P. 
Cathebras, G. Charpentier, P. Chedin, T. 
Crea, B. Delemer, D. Dubois-Laforgue, F. 
Duchemin, P. H. Ducluzeau, B. Bouhanick, 
L. Dusselier, T. Gabreau, A. Grimaldi, B. 
Guerci, V. Jacquin, E. Kaloustian, E. Larger, 
A. Lecleire-Collet, F. Lorenzini, J. Louis, 
J. Mausset, A. Murat, S. Nadler-Fluteau, 
F. Olivier, V. Paquis-Flucklinger, D. Paris-
Bockel, I. Raynaud, Y. Reznik, J. P. Riveline, 
S. Schneebeli, E. Sonnet, A. Sola-Gazagnes, 
J. L. Thomas, B. Trabulsi, M. Virally, P. J. 
Guillausseau and Group  Mitochondrial 
Diabetes French Study: The clinical variability 
of maternally inherited diabetes and deafness 
is associated with the degree of heteroplasmy 
in blood leukocytes. J Clin Endocrinol Metab, 
94(8), 3025-30 (2009)
DOI: 10.1210/jc.2008-2680

85.	 Y. Koga, A. Koga, R. Iwanaga, Y. Akita, J. 
Tubone, T. Matsuishi, N. Takane, Y. Sato and 
H. Kato: Single-fiber analysis of mitochondrial 
A3243G mutation in four different phenotypes. 
Acta Neuropathol, 99(2), 186-90 (2000)
DOI: 10.1007/PL00007423

86.	 Y. Goto, I. Nonaka and S. Horai: A mutation 
in the tRNA(Leu)(UUR) gene associated 
with the MELAS subgroup of mitochondrial 
encephalomyopathies. Nature, 348(6302), 
651-3 (1990)
DOI: 10.1038/348651a0

87.	 M. Picard, J. Zhang, S. Hancock, O. 
Derbeneva, R. Golhar, P. Golik, S. O’Hearn, S. 
Levy, P. Potluri, M. Lvova, A. Davila, C. S. Lin, 
J. C. Perin, E. F. Rappaport, H. Hakonarson, 
I. A. Trounce, V. Procaccio and D. C. Wallace: 
Progressive increase in mtDNA 3243A>G 
heteroplasmy causes abrupt transcriptional 
reprogramming. Proc Natl Acad Sci U S A, 
111(38), E4033-42 (2014)
DOI: 10.1073/pnas.1414028111

88.	 L. M. t Hart, J. J. Jansen, H. H. Lemkes, P. 
de Knijff and J. A. Maassen: Heteroplasmy 
levels of a mitochondrial gene mutation 
associated with diabetes mellitus decrease in 
leucocyte DNA upon aging. Hum Mutat, 7(3), 
193-7 (1996)
DOI: 10.1002/(SICI)1098-1004(1996)7:3< 
193: AID-HUMU2 >3.0.CO;2-C

89.	 J. A. Maassen: Mitochondrial diabetes: 
pathophysiology, clinical presentation, and 
genetic analysis. Am J Med Genet, 115(1), 
66-70 (2002)
DOI: 10.1002/ajmg.10346

90.	 Y. Oka, H. Katagiri, H. Ishihara, T. Asano, 
T. Kobayashi and M. Kikuchi: Beta-cell loss 
and glucose induced signalling defects in 
diabetes mellitus caused by mitochondrial 
tRNALeu(UUR) gene mutation. Diabet Med, 
13(9 Suppl 6), S98-102 (1996)

91.	 A. W. El-Hattab, L. T. Emrick, J. W. Hsu, S. 
Chanprasert, F. Jahoor, F. Scaglia and W. J. 
Craigen: Glucose metabolism derangements 
in adults with the MELAS m.3243A>G 
mutation. Mitochondrion (2014)
DOI: 10.1016/j.mito.2014.07.008

92.	 M. Brandle, R. Lehmann, F. E. Maly, C. Schmid 
and G. A. Spinas: Diminished insulin secretory 
response to glucose but normal insulin and 
glucagon secretory responses to arginine in 
a family with maternally inherited diabetes 
and deafness caused by mitochondrial 
tRNA(LEU(UUR)) gene mutation. Diabetes 
Care, 24(7), 1253-8 (2001)
DOI: 10.2337/diacare.24.7.1253

93.	 S. Otabe, K. Yasuda, Y. Mori, K. Shimokawa, 
H. Kadowaki, A. Jimi, K. Nonaka, Y. Akanuma, 
Y. Yazaki and T. Kadowaki: Molecular and 
histological evaluation of pancreata from 
patients with a mitochondrial gene mutation 
associated with impaired insulin secretion. 
Biochem Biophys Res Commun, 259(1), 
149-56 (1999)
DOI: 10.1006/bbrc.1999.0650

94.	 L. M. Wittenhagen and S. O. Kelley: 
Dimerization of a pathogenic human 
mitochondrial tRNA. Nat Struct Biol, 9(8), 
586-90 (2002)
(2002) DOI: 10.1038/nsb820

95.	 G. M. Janssen, J. A. Maassen and J. M. van 
Den Ouweland: The diabetes-associated 3243 
mutation in the mitochondrial tRNA(Leu(UUR)) 
gene causes severe mitochondrial dysfunction 
without a strong decrease in protein synthesis 
rate. J Biol Chem, 274(42), 29744-8 (1999)
DOI: 10.1074/jbc.274.42.29744

96.	 S. Chae, B. Y. Ahn, K. Byun, Y. M. Cho, 
M. H. Yu, B. Lee, D. Hwang and K. S. 
Park: A  systems approach for decoding 
mitochondrial retrograde signaling pathways. 

http://dx.doi.org/10.1210/jc.2008-2680
http://dx.doi.org/10.1007/PL00007423
http://dx.doi.org/10.1038/348651a0
http://dx.doi.org/10.1073/pnas.1414028111
http://dx.doi.org/10.1002/(SICI
http://dx.doi.org/10.1002/(SICI
http://dx.doi.org/10.1002/ajmg.10346
http://dx.doi.org/10.1016/j.mito.2014.07.008
http://dx.doi.org/10.2337/diacare.24.7.1253
http://dx.doi.org/10.1006/bbrc.1999.0650
http://dx.doi.org/10.1038/nsb820
http://dx.doi.org/10.1074/jbc.274.42.29744


Mitochondrial DNA variation and pathogenesis of diabetes mellitus

	 1165� © 1996-2016

Sci Signal, 6(264), rs4 (2013)
DOI: 10.1126/scisignal.2003266

97.	 K. E. Bendall and B. C. Sykes: Length 
heteroplasmy in the first hypervariable 
segment of the human mtDNA control region. 
Am J Hum Genet, 57(2), 248-56 (1995)

98.	 K. S. Park, J. C. Chan, L. M. Chuang, S. 
Suzuki, E. Araki, K. Nanjo, L. Ji, M. Ng, M. 
Nishi, H. Furuta, T. Shirotani, B. Y. Ahn, S. 
S. Chung, H. K. Min, S. W. Lee, J. H. Kim, 
Y. M. Cho, H. K. Lee and Asia Study Group 
of Molecular Diabetology in: A  mitochondrial 
DNA variant at position 16189 is associated 
with type  2 diabetes mellitus in Asians. 
Diabetologia, 51(4), 602-8 (2008)
DOI: 10.1007/s00125-008-0933-z

99.	 P. F. Chinnery, H. R. Elliott, S. Patel, C. 
Lambert, S. M. Keers, S. E. Durham, M. I. 
McCarthy, G. A. Hitman, A. T. Hattersley and 
M. Walker: Role of the mitochondrial DNA 
16184-16193 poly-C tract in type 2 diabetes. 
Lancet, 366(9497), 1650-1 (2005)
DOI: 10.1016/S0140-6736(05)67492-2

100.	 J. Poulton, M. S. Brown, A. Cooper, D. R. 
Marchington and D. I. Phillips: A  common 
mitochondrial DNA variant is associated with 
insulin resistance in adult life. Diabetologia, 
41(1), 54-8 (1998)
DOI: 10.1007/s001250050866

101.	 K. Casteels, K. Ong, D. Phillips, H. Bendall 
and M. Pembrey: Mitochondrial 16189 
variant, thinness at birth, and type-2 diabetes. 
ALSPAC study team. Avon Longitudinal 
Study of Pregnancy and Childhood. Lancet, 
353(9163), 1499-500 (1999)
DOI: 10.1016/S0140-6736(98)05817-6

102.	 D. L. Tang, X. Zhou, X. Li, L. Zhao and F. 
Liu: Variation of mitochondrial gene and the 
association with type 2 diabetes mellitus in a 
Chinese population. Diabetes Res Clin Pract, 
73(1), 77-82 (2006)
DOI: 10.1016/j.diabres.2005.12.001

103.	 C. W. Liou, T. K. Lin, H. Huei Weng, C. F. 
Lee, T. L. Chen, Y. H. Wei, S. D. Chen, Y. 
C. Chuang, S. W. Weng and P. W. Wang: 
A  common mitochondrial DNA variant and 
increased body mass index as associated 
factors for development of type  2 diabetes: 
Additive effects of genetic and environmental 
factors. J  Clin Endocrinol Metab, 92(1), 
235-9 (2007)

DOI: 10.1210/jc.2006-0653
104.	 J. H. Kim, K. S. Park, Y. M. Cho, B. S. Kang, 

S. K. Kim, H. J. Jeon, S. Y. Kim and H. K. Lee: 
The prevalence of the mitochondrial DNA 
16189 variant in non-diabetic Korean adults 
and its association with higher fasting glucose 
and body mass index. Diabet Med, 19(8), 
681-4 (2002)
DOI: 10.1046/j.1464-5491.2002.00747.x

105.	 S. W. Weng, C. W. Liou, T. K. Lin, Y. H. Wei, C. 
F. Lee, H. L. Eng, S. D. Chen, R. T. Liu, J. F. 
Chen, I. Y. Chen, M. H. Chen and P. W. Wang: 
Association of mitochondrial deoxyribonucleic 
acid 16189 variant (T->C transition) with 
metabolic syndrome in Chinese adults. J Clin 
Endocrinol Metab, 90(9), 5037-40 (2005)
DOI: 10.1210/jc.2005-0227

106.	 C. W. Liou, T. K. Lin, F. M. Huang, T. L. 
Chen, C. F. Lee, Y. C. Chuang, T. Y. Tan, K. 
C. Chang and Y. H. Wei: Association of the 
mitochondrial DNA 16189 T to C variant with 
lacunar cerebral infarction: evidence from a 
hospital-based case-control study. Ann N Y 
Acad Sci, 1011, 317-24 (2004)
DOI: 10.1196/annals.1293.031

107.	 E. E. Mueller, W. Eder, S. Ebner, E. Schwaiger, 
D. Santic, T. Kreindl, O. Stanger, B. Paulweber, 
B. Iglseder, H. Oberkofler, R. Maier, J. A. 
Mayr, F. Krempler, R. Weitgasser, W. Patsch, 
W. Sperl and B. Kofler: The mitochondrial 
T16189C polymorphism is associated with 
coronary artery disease in Middle European 
populations. PLoS One, 6(1), e16455 (2011)
DOI: 10.1371/journal.pone.0016455

108.	 J. Poulton, J. Luan, V. Macaulay, S. Hennings, 
J. Mitchell and N. J. Wareham: Type 2 diabetes 
is associated with a common mitochondrial 
variant: evidence from a population-based 
case-control study. Hum Mol Genet, 11(13), 
1581-3 (2002)
DOI: 10.1093/hmg/11.13.1581

109.	 Z. Ye, C. Gillson, M. Sims, K. T. Khaw, M. 
Plotka, J. Poulton, C. Langenberg and 
N. J. Wareham: The association of the 
mitochondrial DNA OriB variant (16184-
16193 polycytosine tract) with type 2 diabetes 
in Europid populations. Diabetologia, 56(9), 
1907-13 (2013)
DOI: 10.1007/s00125-013-2945-6

110.	 C. Takamatsu, S. Umeda, T. Ohsato, T. 
Ohno, Y. Abe, A. Fukuoh, H. Shinagawa, 

http://dx.doi.org/10.1126/scisignal.2003266
http://dx.doi.org/10.1007/s00125-008-0933-z
http://dx.doi.org/10.1016/S0140-6736(05
http://dx.doi.org/10.1007/s001250050866
http://dx.doi.org/10.1016/S0140-6736(98
http://dx.doi.org/10.1016/j.diabres.2005.12.001
http://dx.doi.org/10.1210/jc.2006-0653
http://dx.doi.org/10.1046/j.1464-5491.2002.00747.x
http://dx.doi.org/10.1210/jc.2005-0227
http://dx.doi.org/10.1196/annals.1293.031
http://dx.doi.org/10.1371/journal.pone.0016455
http://dx.doi.org/10.1093/hmg/11.13.1581
http://dx.doi.org/10.1007/s00125-013-2945-6


Mitochondrial DNA variation and pathogenesis of diabetes mellitus

	 1166� © 1996-2016

N. Hamasaki and D. Kang: Regulation of 
mitochondrial D-loops by transcription factor 
A and single-stranded DNA-binding protein. 
EMBO Rep, 3(5), 451-6 (2002)
DOI: 10.1093/embo-reports/kvf099

111.	 C. W. Liou, T. K. Lin, J. B. Chen, M. M. Tiao, 
S. W. Weng, S. D. Chen, Y. C. Chuang, J. 
H. Chuang and P. W. Wang: Association 
between a common mitochondrial DNA 
D-loop polycytosine variant and alteration 
of mitochondrial copy number in human 
peripheral blood cells. J Med Genet, 47(11), 
723-8 (2010)
DOI: 10.1136/jmg.2010.077552

112.	 D. Mishmar, E. Ruiz-Pesini, P. Golik, V. 
Macaulay, A. G. Clark, S. Hosseini, M. 
Brandon, K. Easley, E. Chen, M. D. Brown, 
R. I. Sukernik, A. Olckers and D. C. Wallace: 
Natural selection shaped regional mtDNA 
variation in humans. Proc Natl Acad Sci U S 
A, 100(1), 171-6 (2003)
DOI: 10.1073/pnas.0136972100

113.	 E. Ruiz-Pesini, D. Mishmar, M. Brandon, 
V. Procaccio and D. C. Wallace: Effects of 
purifying and adaptive selection on regional 
variation in human mtDNA. Science, 
303(5655), 223-6 (2004)
DOI: 10.1126/science.1088434

114.	 R. Saxena, P. I. de Bakker, K. Singer, V. 
Mootha, N. Burtt, J. N. Hirschhorn, D. Gaudet, 
B. Isomaa, M. J. Daly, L. Groop, K. G. Ardlie 
and D. Altshuler: Comprehensive association 
testing of common mitochondrial DNA 
variation in metabolic disease. Am J Hum 
Genet, 79(1), 54-61 (2006)
DOI: 10.1086/504926

115.	 N. Fuku, K. S. Park, Y. Yamada, Y. Nishigaki, 
Y. M. Cho, H. Matsuo, T. Segawa, S. 
Watanabe, K. Kato, K. Yokoi, Y. Nozawa, 
H. K. Lee and M. Tanaka: Mitochondrial 
haplogroup  N9a confers resistance against 
type 2 diabetes in Asians. Am J Hum Genet, 
80(3), 407-15 (2007)
DOI: 10.1086/512202

116.	 C. W. Liou, J. B. Chen, M. M. Tiao, S. W. Weng, 
T. L. Huang, J. H. Chuang, S. D. Chen, Y. C. 
Chuang, W. C. Lee, T. K. Lin and P. W. Wang: 
Mitochondrial DNA coding and control region 
variants as genetic risk factors for type  2 
diabetes. Diabetes, 61(10), 2642-51 (2012)
DOI: 10.2337/db11-1369

117.	 J. Feder, I. Blech, O. Ovadia, S. Amar, J. 
Wainstein, I. Raz, S. Dadon, D. E. Arking, B. 
Glaser and D. Mishmar: Differences in mtDNA 
haplogroup distribution among 3 Jewish 
populations alter susceptibility to T2DM 
complications. BMC Genomics, 9, 198 (2008)
DOI: 10.1186/1471-2164-9-198

118.	 B. Kofler, E. E. Mueller, W. Eder, O. Stanger, 
R. Maier, M. Weger, A. Haas, R. Winker, 
O. Schmut, B. Paulweber, B. Iglseder, W. 
Renner, M. Wiesbauer, I. Aigner, D. Santic, 
F. A. Zimmermann, J. A. Mayr and W. Sperl: 
Mitochondrial DNA haplogroup T is associated 
with coronary artery disease and diabetic 
retinopathy: a case control study. BMC Med 
Genet, 10, 35 (2009)
DOI: 10.1186/1471-2350-10-35

119.	 A. Achilli, A. Olivieri, M. Pala, B. Hooshiar 
Kashani, V. Carossa, U. A. Perego, F. 
Gandini, A. Santoro, V. Battaglia, V. Grugni, 
H. Lancioni, C. Sirolla, A. R. Bonfigli, A. 
Cormio, M. Boemi, I. Testa, O. Semino, A. 
Ceriello, L. Spazzafumo, M. N. Gadaleta, 
M. Marra, R. Testa, C. Franceschi and A. 
Torroni: Mitochondrial DNA backgrounds 
might modulate diabetes complications rather 
than T2DM as a whole. PLoS One, 6(6), 
e21029 (2011)
DOI: 10.1371/journal.pone.0021029

120.	 C. B. Estopinal, I. M. Chocron, M. B. Parks, E. 
A. Wade, R. M. Roberson, L. G. Burgess, M. A. 
Brantley, Jr. and D. C. Samuels: Mitochondrial 
haplogroups are associated with severity of 
diabetic retinopathy. Invest Ophthalmol Vis 
Sci, 55(9), 5589-95 (2014)
DOI: 10.1167/iovs.14-15149

121.	 B. Tavira, J. Gomez, C. Diaz-Corte, L. Llobet, 
E. Ruiz-Pesini, F. Ortega and E. Coto: 
Mitochondrial DNA haplogroups and risk of 
new-onset diabetes among tacrolimus-treated 
renal transplanted patients. Gene, 538(1), 
195-8 (2014)
DOI: 10.1016/j.gene.2014.01.036

122.	 S. Hwang, S. H. Kwak, J. Bhak, H. S. Kang, 
Y. R. Lee, B. K. Koo, K. S. Park, H. K. Lee 
and Y. M. Cho: Gene expression pattern 
in transmitochondrial cytoplasmic hybrid 
cells harboring type  2 diabetes-associated 
mitochondrial DNA haplogroups. PLoS One, 
6(7), e22116 (2011)
DOI: 10.1371/journal.pone.0022116

http://dx.doi.org/10.1093/embo-reports/kvf099
http://dx.doi.org/10.1136/jmg.2010.077552
http://dx.doi.org/10.1073/pnas.0136972100
http://dx.doi.org/10.1126/science.1088434
http://dx.doi.org/10.1086/504926
http://dx.doi.org/10.1086/512202
http://dx.doi.org/10.2337/db11-1369
http://dx.doi.org/10.1186/1471-2164-9-198
http://dx.doi.org/10.1186/1471-2350-10-35
http://dx.doi.org/10.1371/journal.pone.0021029
http://dx.doi.org/10.1167/iovs.14-15149
http://dx.doi.org/10.1016/j.gene.2014.01.036
http://dx.doi.org/10.1371/journal.pone.0022116


Mitochondrial DNA variation and pathogenesis of diabetes mellitus

	 1167� © 1996-2016

123.	 K. S. Park, S. K. Kim, M. S. Kim, E. Y. Cho, 
J. H. Lee, K. U. Lee, Y. K. Pak and H. K. Lee: 
Fetal and early postnatal protein malnutrition 
cause long-term changes in rat liver and 
muscle mitochondria. J  Nutr, 133(10), 
3085-90 (2003)

124.	 A. L. Burgueno, R. Cabrerizo, N. Gonzales 
Mansilla, S. Sookoian and C. J. Pirola: 
Maternal high-fat intake during pregnancy 
programs metabolic-syndrome-related 
phenotypes through liver mitochondrial DNA 
copy number and transcriptional activity of 
liver PPARGC1A. J  Nutr Biochem, 24(1), 
6-13 (2013)
DOI: 10.1016/j.jnutbio.2011.12.008

125.	 R. Barres, M. E. Osler, J. Yan, A. Rune, T. Fritz, 
K. Caidahl, A. Krook and J. R. Zierath: Non-
CpG methylation of the PGC-1alpha promoter 
through DNMT3B controls mitochondrial 
density. Cell Metab, 10(3), 189-98 (2009)
DOI: 10.1016/j.cmet.2009.07.011

126.	 L. S. Shock, P. V. Thakkar, E. J. Peterson, 
R. G. Moran and S. M. Taylor: DNA 
methyltransferase 1, cytosine methylation, 
and cytosine hydroxymethylation in 
mammalian mitochondria. Proc Natl Acad Sci 
U S A, 108(9), 3630-5 (2011)
DOI: 10.1073/pnas.1012311108

127.	 A. P. Rebelo, S. L. Williams and C. T. Moraes: 
In vivo methylation of mtDNA reveals the 
dynamics of protein-mtDNA interactions. 
Nucleic Acids Res, 37(20), 6701-15 (2009)
DOI: 10.1093/nar/gkp727

128.	 H. S. Ryu, S. Y. Park, D. Ma, J. Zhang and 
W. Lee: The induction of microRNA targeting 
IRS-1 is involved in the development of insulin 
resistance under conditions of mitochondrial 
dysfunction in hepatocytes. PLoS One, 6(3), 
e17343 (2011)
DOI: 10.1371/journal.pone.0017343

Key Words: ATP, Beta-Cell Dysfunction, Diabetes, 
Heteroplasmy, Mitochondrial DNA, Reactive 
Oxygen Species, Variation, Review

Send correspondence to: Kyong Soo 
Park, Department of Internal Medicine, 
Seoul National University Hospital, 
Tel: 82-2-2072-2946, Fax: 82-2-762-9662, 
E-mail: kspark@snu.ac.kr

http://dx.doi.org/10.1016/j.jnutbio.2011.12.008
http://dx.doi.org/10.1016/j.cmet.2009.07.011
http://dx.doi.org/10.1073/pnas.1012311108
http://dx.doi.org/10.1093/nar/gkp727
http://dx.doi.org/10.1371/journal.pone.0017343
mailto:kspark%40snu.ac.kr?subject=

