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MULDER AND LING, MITOCHONDRIA AND TYPE 2 DIABETES

Abstract

Mitochondrial metabolism controls insulin secretion from thecpaaticp-cell. Type 2
Diabetes evolves when tiiecells fail to release appropriate amounts of insulin, cgusi
metabolic dysregulation and hyperglycemia. It is attradbveessume that mitochondrial
dysfunction plays a decisive role in these processes. Indbdd,being a rare condition,
genetically determined dysfunction of mitochondria causea ZyDiabetes-like syndrome.
Here, we review what is known about mitochondrial dysfunctioheficell in Type 2
Diabetes. The focus is on observations in humans but reldudigssin animal models of the
disease are discussed. A particular emphasis is placdthnges in metabolic enzymes and
function inp-cell mitochondria and how altered structure of the organelleaappe facilitate
its function. These molecular processes are subjectitiogenetic as well as epigenetic
control. Variations and implications of these mechanismsearewed. The emerging picture
is that alterations in mitochondria may be a culprit ingiignogenetic processes culminating
in Type 2 Diabetes. Such processes may prove to be teogéisrapeutic interventions in

the disease.

Key words: TCA cycle — coupling signal — oxidative phosphorylation — mitochiahdr

biogenesis — epigenetics
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Introduction

There is now very strong support for the notion that failure ofimselkretion is ultimately
the culprit in Type 2 Diabetes (Muoio and Newgard, 2008). Duriedatst year a number of
genome wide scans of patients with Type 2 Diabetes harefablished (Saxena et al.,
2007; Scott et al., 2007; Sladek et al., 2007; Zeggini et al., 280@gurring finding is that
the genes, which are most strongly linked with the diselisgean highly relevant fds-cell
function and development. While this breakthrough knowledge is bowtditme the way
we view the pathogenesis of Type 2 Diabetes, still vihy is known about how functional
and structural abnormalities in islets lead to the impamtrof insulin secretion that causes the
human disease. The role of defici@ntell mass in Type 2 Diabetes has been debated for
decades (Ahrén, 2005); at the moment, the strongest datebdvailggest that there is indeed
a loss of-cell mass in Type 2 Diabetes, due to increased apopBugiger( et al., 2003).
While this is most likely a fact, it can not by itsedicaunt for the perturbation of insulin
secretion in the diseagercell loss in obese and lean individuals at most reachesneb0 a
40%, respectively, compared with obese and lean non-diabdividuals (Butler et al.,
2003). Reasonably, if the observed losg-okll mass plays a role in the pathogenesis of Type
2 Diabetes, it does so in combination with a functional defect

It is widely agreed that insulin secretion is largayntrolled by metabolism of fuels,
foremost glucose, in the pancredticell (Muoio and Newgard, 2008). Other factors, such as
circulating hormones, paracrine and autocrine mechanismsgeanohal (autonomic and
sensory) control, all combine to modulate insulin secretioitedibyp-cell metabolism
(Ahrén, 2000). In this process, mitochondria play a key role (Woilh2000). Here,
oxidation of most cellular fuels produces reducing equivalentghndrive the respiratory
chain and subsequently ATP production via oxidative phosphorylatioR®S). The rise
in the ATP:ADP ratio closes the ATP-sensitivedhannel (Krp), which results in
depolarization of the plasma membrane, opening of voltaget@&* channels and
subsequently exocytosis. This pathway is known gs-Hependent or triggering (Henquin,

2000). In addition, mitochondria are likely to play a criticaénol the Krp-independent or
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amplifying pathway of insulin secretion (Maechler et 2006). Metabolites from
mitochondria, reducing equivalents or metabolite fluxes dependehesa are believed to
account for the sustained phase of insulin secretion (PrentiCankey, 1996), which can not
be upheld by raised intracellular Calone, i.e., the product of the triggering pathway. Thus,
mitochondria take center stage in the control of insulin Searghe deciding pathogenetic
event in Type 2 Diabetes.

Moreover, also in the control 8fcell mass, mitochondria may play a critical role. The
available data suggest that increased apoptosis undbdiésst of3-cell mass observed in
islets from patients with Type 2 Diabetes (Butler et2003; Trifunovic and Larsson, 2008).
Indeed, the apoptotic pathways converge in mitochondria, whgrasea8 activation and
cytochrome C export precipate these events. Finally, agindaseamining factor in the
pathogenesis of Type 2 Diabetes. Also in this process, iharstrong focus on
mitochondrial metabolism (Lee et al., 2007; Ling et al., 2004; etrad., 2007; Trifunovic
and Larsson, 2008). For all these reasons, mitochondria araaypdoncern in the disease
processes of Type 2 Diabetes. This review will describat s known about the role of
mitochondria i3-cells during the events leading to Type 2 Diabetes. Wefauills on what
is known from the human disease, but where relevant, als@aobservations from

experimental models.

Changes in mitochondrial metabolism in diabetes

B-cell mitochondrial metabolism in insulin resistant mice

At this point, there is no information on how mitochondria in hufivaells adapt when an
individual becomes insulin resistant. This is in stark contcaali available data on how
hyperinsulinemia evolves as an adaptive process to meet thasad demands for insulin to
control whole body metabolism in the insulin resistant state (AGthalni et al., 2006). At the
same time, an emerging research field is addressingti@kable plasticity of the

mitochondria as an organelle (Detmer and Chan, 2007). Mitochartdnaye their shape and
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the volume is altered, a plasticity which serves the perpmsptimize mitochondrial function
and metabolism for every specific situation.

To study mitochondrigh-cell mitochondrial metabolism in insulin resistance, we
employed C57BL/6J mice given a high fat diet. These mice besewerely insulin resistant
but do not develop frank diabetes (Ahrén et al., 1997), allovirdies of the normal
processes that strive to adapt the pancr@atil to the diabetogenic metabolic perturbations
associated with impaired insulin sensitivity. Thus, in ourdsathe C57BL/6J mice given a
high fat diet exhibit basal hyperinsulinemia; an intravenousogkitolerance test confirms
retarded glucose disposal and increased amounts of insulise@ldaring the challenge (Fex
et al., 2007). Interestingly, insulin secretion from isolaséts in vitro revealed that while the
glucose-stimulated insulin-response is blunted, responses tafediating their effects via
mitochondrial metabolism are exaggerated (Fig. 1A-B). Thtabolic switch from glucose
to other mitochondrial fuels is further confirmed by an eragigon of oxidation of palmitate
and glutamine, while glucose oxidation is impaired (F&:E). The discrepancy between
effects provoked by glucose and mitochondrial fuels could be exglhinan impairment of
GLUT2 localization that we observe, confirming previous findifl§eimer and Ahrén,

2002).

Our functional data suggest that mitochondrial metabolismhareed to compensate
for restrained glucose metabolism in the insulin resistate.sThis enhancement drives basal
hyperinsulinemia and hypersecretion of insulin in vivo in thé feg diet-fed C57BL/6J
mice. As a potential underlying mechanism, we found thateesethe number of
mitochondria is unchanged, their mass is increased by ~608auritiear how this
enhancement of mitochondrial metabolism and mass is achigp&tiflux in the islets is
increased, as shown by increased deposition of neutral Npelfiave examined expression
of transcription factors and co-activators involved in mitochohbrggenesis and control of
metabolic enzymes and respiratory chain proteins, includirgxiseme proliferator-
activated receptoy coactivator &t (PGC-In), PGC-JB, nuclear respiratory factor-1 (NRF-1)
and mitochondrial transcription factor A (TFAM). In additiorpeession levels of the

nuclear-encoded mitochondrial protein cytochrome C and the mitochesrroded
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mitochondrial protein cytochrome c oxidase IV (COXIV) were gs&d. None of these
factors exhibited significant differences in mRNA expresswoerls during or after 12 weeks

of high fat feeding.

Mitochondrial dysfunction in C57BL/6J mice

It was recently described that a strain of C57BL/6J naoenormal diet, exhibits impaired
glucose disposal, which could be attributed to perturbed insuliats®st(Toye et al., 2005).
Islets are unresponsive to glucose but exhibit a normal rise aeétitlar C&" when
stimulated by tolbutamide; similarly, theinke-channels close in response to ATP.
Collectively, these findings point towards a metabolic dafepancreati@-cells. Indeed, this
strain was found to harbour a 5-exon deletion in the nicotohemicleotide
transhydrogenase (NNT) gene. The enzyme converts NAB®NADH into NADPH and
NAD™. It is associated with the respiratory chain, and has baggested to protect
mitochondria from an overload of reactive oxygen species (R@#¢h could impair their
function. Glutathione reductase requires NADPH to reducetblatee, a component of the
detoxifying mechanism.

Subsequent studies have confirmed that, when preséatijans in the nnt gene are
associated with impaired glucose tolerance and insulin g@tietvivo (Freeman et al.,
2006). Moreover, insulin secretion from islets is attenud®€xs accumulate and there is loss
of glucose-stimulated ATP production; knock down of nnt in MIN-sday RNA
interference impairs glucose-stimulated insulin secre@early, there is strong evidence for
a role of nnt irB-cell stimulus-secretion coupling (Freeman et al., 2006; Togé,&2005).
This further highlights the importance [dcell mitochondrial metabolism in glucose
homeostasis. However, all strains of C57BL/6J mice do nbbbathis mutation. The 5-exon
deletion is not present in the strain that we use (Fex, &047), which was derived from the
strain kept at the NIH Animal Genetic Resource, and embrgigedkinto Taconic’s facility;
C57BL/6J mice are also available from lines kept at #liosbn Laboratory, and these were
used in the studies on nnt (Toye et al., 2005). Thus, C57BL&dssare heterogeneous; a

difference such as deletion in genes like nnt may explainpuknotypes in the different
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strains are variable. In this case, our C57BL/6J line isteed to development of diabetes
(Fex et al., 2007), whereas the one examined by Cox, Ashcrofodaedgues is diabetes-

prone without any challenge (Freeman et al., 2006; Toye, €085).

Mitochondrial changesin human B-cell in Type 2 Diabetes

Since the access to human islets has increased asegeencse of the development of
international centers of islet transplantation, there is smwe limited information about islet
function and mitochondrial alterations in human Type 2 Diabétescent study of islets

from 14 cadaveric donors with Type 2 Diabetes reportedhbasolated islets are smaller
and contain a reduced proportionBaetells (Deng et al., 2004). Insulin secretion in response
to glucose is impaired with respect to threshold, rate @atdamount released. In contrast,
the maximal response, as elicited by KCI, is unchanged. 8taetloereby suggest that
diabetic islets exhibit a specific metabolic impairmemicaithe secretory dysfunction is
restricted to glucose.

The Pisa group examined insulin secretion and mitochondriation in islets from
seven donors that had documented Type 2 Diabetes (Anello 2005). They confirm that
glucose-stimulated, but not arginine-stimulated, insulineseer is impaired in islets from
individuals with Type 2 Diabetes. Again, this suggests timance of a specific metabolic
impairment inB-cells in Type 2 Diabetes. While ATP-levels in the batate are actually
elevated in Type 2 Diabetes islets, they fail to o@spwith a rise in the ATP:ADP ratio, an
event thought to trigger insulin secretion. Moreover, glucokssseffective to hyperpolarize
the mitochondrial membrane in the diabetic islets. The autlpfaie this finding with an
increase (+24%) in uncoupling protein-2 (UCP-2) levels. Thagepr is thought to uncouple
the respiratory chain from ATP production by allowing protonsow back into the
mitochondrial matrix without giving rise to ATP. Interestinglyese functional alterations are
paralleled by changes in mitochondrial structure. Thus, windigetis no increase in
mitochondrial number, their volume is increased, a findingnmiseent of what we reported in
C57BL/6J mice on a high fat diet (Fex et al., 2007). Also espef complex | and V is
increased in the islets from patients with Type 2 Diabgello et al., 2005).
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These data are very interesting and clearly point towarole &r mitochondria in the
pathology of islets in Type 2 Diabetes. Nevertheless, vgoifee data support the role of
UCP-2 in diabetes pathogenesis, others have raised concernsvabthér the protein is
indeed an uncoupler (Nicholls, 2006). It is unclear whether thestatcrease of UCP-2 that
was observed can account for such a profound effect on ATP prodwiéiarly, much
greater increases in UCP-2 expression were employed @xpiegimental studies where the
protein was found to impair insulin secretion (Chan e2@D]1; Saleh et al., 2002).
Moreover, changes in metabolism were not analyzed (Ane#lb,&2005), and such changes

could also have exerted the effects on ATP production that eleserved.

Structural dynamics and biogenesis of mitochondria

It is becoming increasingly clear that the structureraimdber of mitochondria are subject to
plasticity (Detmer and Chan, 2007; Mannella, 2006). If nothing #iseobservations we
have made i8-cells from insulin resistant mice (Fex et al., 2007) atingrs have made in
human diabetic islets (Anello et al., 2005) underscore the iapmatof such alterations.
These events are not arbitrary but highly regulated and seprevide the cell with an
organelle that is optimally functional in any given cellulates An increase in the number of
mitochondria is termed mitochondrial biogenesis. Such a changes @iroet by fission of
pre-existing mitochondria; also the reverse, i.e., fusianitichondria occurs and is a means
for regulation. In addition to these inter-mitochondrial aftiens, changes within
mitochondria are also observed (Mannella et al., 2001). Maislgn and fission of the inner
mitochondrial membrane seem to occur, and have been proposag &ofphctional role in
the organelle; these structural changes may affect diffugiprotons as well as proteins
(e.g., cytochrome C).

The heterogeneity and subsequent plasticity of mitochond@iaatls have recently
also been demonstrated functionally. While glucose andbmieten normally will

hyperpolarize the mitochondrial membrane, a subpopulation of mitocaaxdhibits a lower
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level of polarization; even depolarized mitochondria exisk@fvom et al., 2007). Glucose
and methyl-succinate, a mitochondrial fuel, recruit mitochorfdvia this pool into a
hyperpolarized one. Interestingly, under glucolipotoxic conditiongpthygortion of
mitochondria in the hyperpolarized population increases, suggdséing may play a
pathogenetic role under such conditions. Moreover, depolarized mitochamay be more
amenable to autophagocytosis (Twig et al., 2008), a processgtrclear the cell of
dysfunctional constituents.

The mitofusin proteins 1 and 2 (MFN1/MFN2), which are lzeal to the outer
mitochondrial membrane, together with the optic atrophy 1 (OPAdkgin, which is present
on the inner mitochondrial membrane, are the key regulators@tmondrial fusion events
(Cipolat et al., 2004; Frezza et al., 2006). In mitochondrigidis the cytosolic dynamin-
related protein 1 (DRP1) oligomerizes, and is recruitedganitochondrion via an
interaction with the outer membrane protein FIS1 (Leé. e2@04; Zhang and Chan, 2007),
resulting in the constriction and severing of the mitochondriotrahscriptional control of
mitochondria, PGC-d appears to be a master switch via co-activation of mankear
receptors and other factors (Handschin and Spiegelman, 2@0&)nttol of mitochondrial
biogenesis is mainly exerted by activation of NRF-1 anid-FAM is essential for
transcription of the mitochondrial DNA (Ekstrand et al., 2004¢xezequisite for
mitochondrial biogenesis. Interestingly, a conditional knock out &M B-cells results in

impaired fuel-stimulated insulin secretion and diabetesice (Silva et al., 2000).

Genetic and epigenetic regulation of mitochondria and association with
Type 2 Diabetes

The mitochondrial genome and Diabetes

That mitochondrial ATP production is a pre-requisite for fuehstated insulin secretion is
well established (Henquin, 2000; Muoio and Newgard, 2008; Wollheim, 206@)ative
phosphorylation and ATP production occur in a system consistingeoffrfltiprotein
complexes with 90 known protein subunits (Scarpulla, 2008). While tharitgagf these
subunits are encoded by the nuclear genome, thirteen subunits@decthyg a circular
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double stranded DNA molecule, the 16.6-kb mitochondrial genoeyglebon of
mitochondrial DNA (mtDNA) fromB-cells results in impaired mitochondrial metabolism and
loss of fuel-stimulated insulin secretion (Kennedy et al., 1996)

Rare mutations in mtDNA can cause mitochondrial dysfunctitrumans and lead to
B-cell dysfunction and subsequently diabetes (Maassen 208b). The most frequent
mutation targets bp 3243 in tRIfA, and is associated with Maternally Inherited Diabetes
and Deafness (MIDD) or Mitochondrial Encephalopathy, LactacidogisStroke (MELAS)
(Goto et al., 1990; Reardon et al., 1992; van den Ouweland £992). It is not entirely clear
why a mutation in the sequence for tRiAcauses mitochondrial dysfunction other than that
the mutation disrupts expression and/or function of also othermomaicial genes. Indeed,
hybrid cells containing mitochondria with mutated DNA exhibit a nunobenetabolic
impairments that may underlie defective stimulus-secretupling inB-cells (de Andrade et
al., 2006). This is likely to explain perturbed glucose-stimdlaisulin secretion in patients
harbouring the mutations.

Great efforts have also been made to determine whath@non variations in mtDNA
are associated with impaired insulin secretion and TypmReles. Indeed, a variant at
position 16189 has been shown to be associated with elevated fasulin concentrations
(Poulton et al., 2002; Poulton et al., 1998) and Type 2 Diabetepapulation-based case-
control study (Poulton et al., 2002). However, other studies haveubedle to replicate this
association (Chinnery et al., 2005; Das et al., 2007; Mohlkie, 2085). Moreover, another
study aimed to capture the entire common variation (exbepgtypervariable D-loop) in
MtDNA with a frequency >1%, and test if any of these vdsiare associated with Type 2
Diabetes (Saxena et al., 2006); 3304 cases and 3304 matched sudnjrols were examined.
After adjustments for multiple testing, they did not farty significant association of
common mtDNA variants and Type 2 Diabetes or related phermtgme, insulin secretion.
In contrast, when polymorphisms in the coding region of the mtd£fe genotyped in
Asian case-control cohorts, carriers of a haplogroup N9a digagnificantly reduced risk
of Type 2 Diabetes (Fuku et al., 2007). Thus, common variatiortiNA does not seem to
be a major pathogenetic factor, resulting in impag-eell function and increased risk of
Type 2 Diabetes.

Control of mitochondria by nuclear encoded genes
Although several studies have investigated the associdtmmonon variation in mtDNA

and risk of Type 2 Diabetes, it is less well establisibdther polymorphisms in nuclear-
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encoded OXPHOS genes confer susceptibility of Type 2 Dislaetg affect insulin
secretion. NDUFB6 is a nuclear-encoded OXPHOS gene giigado a protein, which is
part of complex 1 of the respiratory chain; it is signifibadown-regulated in skeletal
muscle from diabetic patients (Mootha et al., 2003). Therefmaecently asked whether
common variation in NDUFBS6 is associated with risk of T¢deiabetes (Ling et al., 2007).
We also examined whether an epigenetic factor, such @srbdthylation, may influence
the expression of this gene. Cytosine residues occurring idil@leotides are targets for
DNA methylation. Normally, gene expression is reduced wheA DINa promoter is
methylated. We found that carriers of the NDUFB6 rs540467 g&otype display a
nominally increased risk of Type 2 Diabetes in two indeperBeahdinavian case-control
cohorts (Ling et al., 2007). With respect to targetsiisof insulin, a polymorphisin the
NDUFB6 promoter region, which creates a putative DNA methylatiten(ss629566A/G),

is associated with an age-related decline in musblgRB6 expression (Ling et al., 2007).
This is attributed to increased DNA methylation occurrmghe promoter of elderly, but not
young, subjects carrying the rs629366& genotype. Whether NDUFBG6 is associated with
changes also in insulin-secretion needs to be examirfatune studies.

A host of studies has tested whether common variationcleamsencoded genes, with
functions in or control of the mitochondria, confers risk gbd 2 Diabetes and/or influences
B-cell function. The protein frataxin is responsible for therodegenerative disease
Friedreich’s ataxia: an intronic GAA-triplet expansion resualisnpaired expression of the
protein, which is thought to play a role in the assembly ofsudphur complexes (Puccio
and Koenig, 2000). Such complexes are found in respiratory chaimngratel aconitase.
Not only do these patients develop a fatal neurological disatieut one third of the
patients also exhibits diabetes (Ristow, 2004). Moreover, aestedies have shown linkage
of Type 2 Diabetes with the locus containing the FRDA gene (9¢ir8jgren et al., 2002).
The underlying pathogenetic mechanisms have not been defipitesolved but
mitochondrial dysfunction ifi-cells as well as in target tissues of insulin could be
anticipated. Indeed-cell specific knock out mice for frataxin develop insul@pendent
diabetes with loss ¢f-cell mass, due to cellular growth arrest and increased @pspt
which are paralleled by an increase of ROS in isleitst@® et al., 2003). Also deficient
ATP production in skeletal muscle has been observed in humadisgfLal., 1999), which
could contribute to impaired insulin sensitivity.

The transcriptional co-activator PG@G-is mapped to chromosomal region 4p15.1 that

previously has been linked to fasting serum insulin concemtisatn Pima Indians (Pratley
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et al., 1998). Furthermore, variants, such as Gly482Ser, oflBG(e associated with Type
2 Diabetes and with indices pfcell function in some, but not all, studies performed
(Barroso et al., 2006; Ek et al., 2001; Hara et al., 2002; Latagpieet al., 2002; Muller et
al., 2003; Oberkofler et al., 2004; Sun et al., 2006; Vimaleswetral., 2005). In isolated
rodent islets and clon@lcells, overexpression of PG@Bluppresses insulin secretion
(Yoon et al., 2003). We have shown that the P@@1ly482Ser variant influences the
expression of this gene in human pancreatic islets (Ltiaf,e2008) and in human skeletal
muscle (Ling et al., 2004). We also demonstrated that expnesEPGC-11 is reduced in
islets from patients with Type 2 Diabetes compared wgtfitrol subjects and that the
expression level correlates with glucose-stimulated insd@cretion. Indeed, our study is the
first to demonstrate that epigenetic mechanisms are imtqein diabetic islets; this is
based on the fact that the level of DNA methylatiorhefPGC-& promoter is increased in
islets from patients with Type 2 Diabetes. The data ghaivcombinations of genetic and
epigenetic factors influence the level of PG&# human pancreatic islets, which
subsequently may impair insulin secretion (Ling C, 2008) (Figuratahis point, the
experimental in vitro work in some rodent models (Yoon et al., 2@0®) pour observations
on genetic and epigenetic regulation of PGCkLhuman pancreatic islets and its
correlation withB-cell function do not agree. Clearly, more work in thipamant area needs
to be performed.

Genetic variations in NRF-1 are associated with Typeabetes in a Korean case-
control cohort (Cho et al., 2005). UCP-2 has been suggestedueniod insulin secretion
(Joseph et al., 2002; Zhang et al., 2001), and carriers of &2UW@Rant are at reduced risk
of developing Type 2 Diabetes (Bulotta et al., 2005). Themsta study suggesting that
the mitochondrial Leucyl tRNA Synthase (LARS2) gene represefigpe 2 Diabetes
susceptibility gene (t Hart et al., 2005). Together, thesiest highlight the important, but

as of yet unresolved, role of mitochondria in the pathogene3igoef 2 Diabetes.

Concluding remarks

In this review, we have pointed out a number of factors andmstances that highlight the
pathogenetic role of mitochondrial perturbations in Type 2 Diab&tesy largely account for

the metabolic disruption @#cell function, a probable culprit in Type 2 Diabetes, amctlie

12
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changes in mitochondrial enzymes and structural proteins aaswalitochondrial mass and
morphology. These changes are likely subject to stricttpesued epigenetic control, the
latter a means whereby genetic and environmental processesgenMee future will tell if

these processes have a utility as therapeutic targeyge ' Diabetes.

Acknowledgements: The authors thank all co-authors of their papers that haverégewed
here. The studies by the authors and which this review inspaaised upon were supported
by the Swedish Research Council (HM 14196 and CL 522-2006-6480), Enriepeadation
for the Study of Diabetes/MSD (HM), the Crafoord, Wibergrdvall and Albert Pahlsson
Foundations, the Swedish Diabetes Association, the Faculty otMedit Lund University,

and Lund University Diabetes Centre.

13

Page 13 of 22



MULDER AND LING, MITOCHONDRIA AND TYPE 2 DIABETES

REFERENCES

Abdul-Ghani, M.A., Tripathy, D.DeFronzo, R.A. 2006 Contributions daéleell dysfunction
and insulin resistance to the pathogenesis of impaired gltmlesence and impaired fasting
glucose. Diabetes Care 29, 1130-9.

Ahrén, B. 2000 Autonomic regulation of islet hormone secretiopliations for health and
disease. Diabetologia 43, 393-410.

Ahrén, B. 2005 Type 2 diabetes, insulin secretion and betases. Curr Mol Med 5, 275-
86.

Ahrén, B., Simonsson, E., Scheurink, A.J., Mulder, H., Myr&éSundler, F. 1997
Dissociated insulinotropic sensitivity to glucose and carbaachigh-fat diet-induced insulin
resistance in C57BL/6J mice. Metabolism 46, 97-106.

Anello, M., Lupi, R., Spampinato, D., Piro, S., Masini, Baggi, U., Del Prato, S.,
Rabuazzo, A.M., Purrello, F.Marchetti, P. 2005 Functional amgbhological alterations of
mitochondria in pancreatic beta cells from type 2 diabetiemtst Diabetologia 48, 282-9.

Barroso, I., Luan, J., Sandhu, M.S., Franks, P.W., CroMeg\schafer, A.J., O'Rahilly,
S.Wareham, N.J. 2006 Meta-analysis of the Gly482Ser vani&RARGC1A in type 2
diabetes and related phenotypes. Diabetologia 49, 501-5.

Bulotta, A., Ludovico, O., Coco, A., Di Paola, R., Quattrohe Carella, M., Pellegrini, F.,
Prudente, S.Trischitta, V. 2005 The common -866G/A polymorphisheipromoter region

of the UCP-2 gene is associated with reduced risk of2ygiabetes in Caucasians from lItaly.

J Clin Endocrinol Metab 90, 1176-80.
Butler, A.E., Janson, J., Bonner-Weir, S., Ritzel, RzzRj R.A.Butler, P.C. 2003 Beta-cell

deficit and increased beta-cell apoptosis in humans with2yjabetes. Diabetes 52, 102-10.

Chan, C.B., De Leo, D., Joseph, J.W., McQuaid, T.S.XH, Xu, F., Tsushima, R.G.,
Pennefather, P.S., Salapatek, A.M.Wheeler, M.B. 2001dsectuncoupling protein-2 levels
in beta-cells are associated with impaired glucose-sttediiasulin secretion: mechanism of
action. Diabetes 50, 1302-10.

Chinnery, P.F., Elliott, H.R., Patel, S., Lambert, Gegls, S.M., Durham, S.E., McCarthy,
M.1., Hitman, G.A., Hattersley, A.T.Walker, M. 2005 Radf the mitochondrial DNA 16184-
16193 poly-C tract in type 2 diabetes. Lancet 366, 1650-1.

Cho, Y.M., Shin, H.D., Park, B.L., Kim, J.H., Park, K.Bim, S.Y.Lee, H.K. 2005
Association between polymorphisms in the nuclear respiratotgrfa gene and type 2
diabetes mellitus in the Korean population. Diabetologia 48, 2033-8

Cipolat, S., Martins de Brito, O., Dal Zilio, B.Scorraho2004 OPA1 requires mitofusin 1 to
promote mitochondrial fusion. Proc Natl Acad Sci U S A 101, 15927-32.

Das, S., Bennett, A.J., Sovio, U., Ruokonen, A., MartikaikEnPouta, A., Hartikainen,
A.L., Franks, S., Elliott, P., Poulton, J., JarvelinRMMcCarthy, M.I. 2007 Detailed analysis
of variation at and around mitochondrial position 16189 in a largedfirmuihort reveals no
significant associations with early growth or metabolic phenotgpage 31 years. J Clin
Endocrinol Metab 92, 3219-23.

14

Page 14 of 22



MULDER AND LING, MITOCHONDRIA AND TYPE 2 DIABETES

de Andrade, P.B., Rubi, B., Frigerio, F., van den Ouweland, Maassen, J.A.Maechler, P.
2006 Diabetes-associated mitochondrial DNA mutation A3243G impalltdac metabolic
pathways necessary for beta cell function. Diabetologid 896-26.

Deng, S., Vatamaniuk, M., Huang, X., Doliba, N., LianMV.Frank, A., Velidedeoglu, E.,
Desai, N.M., Koeberlein, B., Wolf, B., Barker, C.F.,jiNA., Matschinsky, F.M.Markmann,
J.F. 2004 Structural and functional abnormalities in the iselated from type 2 diabetic
subjects. Diabetes 53, 624-32.

Detmer, S.A.Chan, D.C. 2007 Functions and dysfunctions of mitochbdgnamics. Nat
Rev Mol Cell Biol 8, 870-9.

Ek, J., Andersen, G., Urhammer, S.A., Gaede, P.H.sboim, T., Borch-Johnsen, K.,
Hansen, T.Pedersen, O. 2001 Mutation analysis of peroxisatiie gator-activated receptor-
gamma coactivator-1 (PGC-1) and relationships of identifieti@acid polymorphisms to
Type Il diabetes mellitus. Diabetologia 44, 2220-6.

Ekstrand, M.l., Falkenberg, M., Rantanen, A., Park, CBspari, M., Hultenby, K., Rustin,
P., Gustafsson, C.M.Larsson, N.G. 2004 Mitochondrial trangmmifdctor A regulates
MtDNA copy number in mammals. Hum Mol Genet 13, 935-44.

Fex, M., Dekker Nitert, M., Wierup, N., Ling, C., Sundlervulder, H. 2007 Enhanced
mitochondrial metabolism may account for the adaptation to insedigtance in islets from
high fat diet-fed C57BL/6J mice. Diabetologia 50, 74-83.

Fex, M., Wierup, N., Nitert, M.D., Ristow, M.Mulder, I2007 Rat insulin promoter 2-Cre
recombinase mice bred onto a pure C57BL/6J background exhibit udajtecese
tolerance. J Endocrinol 194, 551-5.

Freeman, H., Shimomura, K., Horner, E., Cox, R.D.AshcFol. 2006 Nicotinamide
nucleotide transhydrogenase: a key role in insulin secretelhMeétab 3, 35-45.

Frezza, C., Cipolat, S., Martins de Brito, O., Micardni, Beznoussenko, G.V., Rudka, T.,
Bartoli, D., Polishuck, R.S., Danial, N.N., De Stroope&d&rrano, L. 2006 OPA1 controls
apoptotic cristae remodeling independently from mitochondrial fu€ieth.126, 177-89.

Fuku, N., Park, K.S., Yamada, Y., Nishigaki, Y., Cho, Y.Matsuo, H., Segawa, T.,
Watanabe, S., Kato, K., Yokoi, K., Nozawa, Y., Lee, Hahdka, M. 2007 Mitochondrial
haplogroup N9a confers resistance against type 2 diabetesamsAsim J Hum Genet 80,
407-15.

Goto, Y., Nonaka, I.Horai, S. 1990 A mutation in the tRNA(LBWR) gene associated with
the MELAS subgroup of mitochondrial encephalomyopathies. Nature 348, 651-3.

Handschin, C.Spiegelman, B.M. 2006 Peroxisome proliferatoreaetiveceptor gamma
coactivator 1 coactivators, energy homeostasis, and metab&islocr Rev 27, 728-35.

Hara, K., Tobe, K., Okada, T., Kadowaki, H., Akanuma,ltg,, C., Kimura, S.Kadowaki, T.
2002 A genetic variation in the PGC-1 gene could confer insudistagce and susceptibility
to Type Il diabetes. Diabetologia 45, 740-3.

Henquin, J.C. 2000 Triggering and amplifying pathways of reguiatf insulin secretion by
glucose. Diabetes 49, 1751-60.

Joseph, J.W., Koshkin, V., Zhang, C.Y., Wang, J., Lowell, BJBan, C.B.Wheeler, M.B.
2002 Uncoupling protein 2 knockout mice have enhanced insulin seccafmayity after a
high-fat diet. Diabetes 51, 3211-9.

15

Page 15 of 22



MULDER AND LING, MITOCHONDRIA AND TYPE 2 DIABETES

Kennedy, E.D., Rizzuto, R., Theler, J.M., Pralong, WBRstianutto, C., Pozzan,
T.Wollheim, C.B. 1996 Glucose-stimulated insulin secretionetates with changes in
mitochondrial and cytosolic Ca2+ in aequorin-expressing INS-4.ckClin Invest 98, 2524-
38.

Lacquemant, C., Chikri, M., Boutin, P., Samson, C.Frogae2002 No association between
the G482S polymorphism of the proliferator-activated receptorfgaooactivator-1 (PGC-
1) gene and Type Il diabetes in French Caucasias. Diabita@l5, 602-3; author reply 604.

Lee, S., Jeong, S.Y., Lim, W.C., Kim, S., Park, Y.Sun, X., Youle, R.J.Cho, H. 2007
Mitochondrial fission and fusion mediators, hFisl and OPA1, modcéditdar senescence. J
Biol Chem 282, 22977-83.

Lee, Y.J., Jeong, S.Y., Karbowski, M., Smith, C.L.Youle].R004 Roles of the mammalian
mitochondrial fission and fusion mediators Fis1, Drpl, and Opafoptosis. Mol Biol Cell
15, 5001-11.

Lindgren, C.M., Mahtani, M.M., Widen, E., McCarthy, IMDaly, M.J., Kirby, A., Reeve,
M.P., Kruglyak, L., Parker, A., Meyer, J., Almgren, Behto, M., Kanninen, T., Tuomi, T.,
Groop, L.C.Lander, E.S. 2002 Genomewide search for type 2 dsabetktus susceptibility
loci in Finnish families: the Botnia study. Am J Hum Genetcl0®-16.

Ling, C., Del Guerra, S., Lupi, R., Ronn, T., Granhall,l@thman, H., Masiello, P.,
Marchetti, P., Groop, L.Del Prato, S. 2008 Epigenetic reigmatf PPARGC1A in human
type 2 diabetic islets and effect on insulin secretionb&ialogia 51, 615-22.

Ling C, D.G.S., Lupi R, Rénn T, Granhall C, Luthman H, M#siP, Marchetti P, Groop L,
Del Prato S 2008 Epigenetic regulation of PPARGC1A in huiyaa 2 diabetic islets and
effect on insulin-secretion. Diabetologia In press.

Ling, C., Poulsen, P., Carlsson, E., Ridderstrale, Mmgkén, P., Wojtaszewski, J., Beck-
Nielsen, H., Groop, L.Vaag, A. 2004 Multiple environmental gadetic factors influence
skeletal muscle PGC-1lalpha and PGC-1beta gene expressionsniwdlin Invest 114,
1518-26.

Ling, C., Poulsen, P., Simonsson, S., Ronn, T., Holmkvjspldhgren, P., Hagert, P.,

Nilsson, E., Mabey, A.G., Nilsson, P., Vaag, A.Groop2@07 Genetic and epigenetic factors

are associated with expression of respiratory chain compbiHiEB6 in human skeletal
muscle. J Clin Invest 117, 3427-35.

Lodi, R., Cooper, J.M., Bradley, J.L., Manners, D., StyiesTaylor, D.J.Schapira, A.H.
1999 Deficit of in vivo mitochondrial ATP production in patients wktiedreich ataxia. Proc
Natl Acad Sci U S A 96, 11492-5.

Maassen, J.A., Janssen, G.M.t Hart, L.M. 2005 Moleculahard@sms of mitochondrial
diabetes (MIDD). Ann Med 37, 213-21.

Maechler, P., Carobbio, S.Rubi, B. 2006 In beta-cells, mitocheoimtagrate and generate
metabolic signals controlling insulin secretion. Int J Bioclee Biol 38, 696-709.

Mannella, C.A. 2006 Structure and dynamics of the mitochondriat meenbrane cristae.
Biochim Biophys Acta 1763, 542-8.

Mannella, C.A., Pfeiffer, D.R., Bradshaw, P.C., MoratuSlepchenko, B., Loew, L.M.,
Hsieh, C.E., Buttle, K.Marko, M. 2001 Topology of the mitochondriaér membrane:
dynamics and bioenergetic implications. IUBMB Life 52, 93-100.

16

Page 16 of 22



MULDER AND LING, MITOCHONDRIA AND TYPE 2 DIABETES

Mohlke, K.L., Jackson, A.U., Scott, L.J., Peck, E.C., SUB., Chines, P.S., Watanabe,
R.M., Buchanan, T.A., Conneely, K.N., Erdos, M.R., Nariéy},Enloe, S., Valle, T.T.,
Tuomilehto, J., Bergman, R.N., Boehnke, M.Collins, F.S. 20@6chondrial polymorphisms
and susceptibility to type 2 diabetes-related traitsmm$:iHum Genet 118, 245-54.

Mootha, V.K., Lindgren, C.M., Eriksson, K.F., Subramanian,Shag, S., Lehar, J.,
Puigserver, P., Carlsson, E., Ridderstrale, M., LauEl, Houstis, N., Daly, M.J., Patterson,
N., Mesirov, J.P., Golub, T.R., Tamayo, P., SpiegelBan.,ander, E.S., Hirschhorn, J.N.,
Altshuler, D.Groop, L.C. 2003 PGC-1lalpha-responsive genes invimveddative
phosphorylation are coordinately downregulated in human diabetes. Nett 8¢ 267-73.

Muller, Y.L., Bogardus, C., Pedersen, O.Baier, L. 2003y&2Ser missense mutation in
the peroxisome proliferator-activated receptor gamma cosatitds associated with altered
lipid oxidation and early insulin secretion in Pima Indianak@tes 52, 895-8.

Muoio, D.M.Newgard, C.B. 2008 Mechanisms of disease: Moleandmetabolic
mechanisms of insulin resistance and beta-cell failutgpi@ 2 diabetes. Nat Rev Mol Cell
Biol.

Nicholls, D.G. 2006 The physiological regulation of uncoupling prot@&ischim Biophys
Acta 1757, 459-66.

Oberkofler, H., Linnemayr, V., Weitgasser, R., Klein, Kie, M., Iglseder, B., Krempler, F.,
Paulweber, B.Patsch, W. 2004 Complex haplotypes of the P@Gealgéne are associated
with carbohydrate metabolism and type 2 diabetes. Diabetd883;93.

Poulton, J., Bednarz, A.L., Scott-Brown, M., Thompson, C., Maga V.A.Simmons, D.
2002 The presence of a common mitochondrial DNA variant is assdawvith fasting insulin
levels in Europeans in Auckland. Diabet Med 19, 969-71.

Poulton, J., Brown, M.S., Cooper, A., Marchington, D.R.Phillipd. 1998 A common
mitochondrial DNA variant is associated with insulin resis¢aim adult life. Diabetologia 41,
54-8.

Poulton, J., Luan, J., Macaulay, V., Hennings, S., Mitcdajareham, N.J. 2002 Type 2
diabetes is associated with a common mitochondrial varieidergce from a population-
based case-control study. Hum Mol Genet 11, 1581-3.

Pratley, R.E., Thompson, D.B., Prochazka, M., BaiefMatt, D., Ravussin, E., Sakul, H.,
Ehm, M.G., Burns, D.K., Foroud, T., Garvey, W.T., Hansoh, Knowler, W.C., Bennett,
P.H.Bogardus, C. 1998 An autosomal genomic scan for loci linkpaethabetic phenotypes
in Pima Indians. J Clin Invest 101, 1757-64.

Prentki, M.Corkey, B.E. 1996 Are the beta-cell signaling mdesxmalonyl-CoA and
cystolic long-chain acyl-CoA implicated in multiple tigsdefects of obesity and NIDDM?
Diabetes 45, 273-83.

Puccio, H.Koenig, M. 2000 Recent advances in the molecular atesig of Friedreich
ataxia. Hum Mol Genet 9, 887-92.

Reardon, W., Ross, R.J., Sweeney, M.G., Luxon, L.M., Pembt&y, Harding,
A.E.Trembath, R.C. 1992 Diabetes mellitus associatedayiithogenic point mutation in
mitochondrial DNA. Lancet 340, 1376-9.

Reimer, M.K.Ahrén, B. 2002 Altered beta-cell distributiorpdk-1 and GLUT-2 after a
short-term challenge with a high-fat diet in C57BL/6J micabBtes 51 Suppl 1, S138-43.

17

Page 17 of 22



MULDER AND LING, MITOCHONDRIA AND TYPE 2 DIABETES

Ristow, M. 2004 Neurodegenerative disorders associated ialtetds mellitus. J Mol Med
82, 510-29.

Ristow, M., Mulder, H., Pomplun, D., Schulz, T.J., Mulleh8ehl, K., Krause, A., Fex, M.,
Puccio, H., Muller, J., Isken, F., Spranger, J., Mulldedhd, D., Magnuson, M.A., Mohlig,

M., Koenig, M.Pfeiffer, A.F. 2003 Frataxin deficiency in pegatic islets causes diabetes due

to loss of beta cell mass. J Clin Invest 112, 527-34.

Saleh, M.C., Wheeler, M.B.Chan, C.B. 2002 Uncoupling proteawi2lence for its function
as a metabolic regulator. Diabetologia 45, 174-87.

Saxena, R., de Bakker, P.l., Singer, K., Mootha, V., BMtitHirschhorn, J.N., Gaudet, D.,

Isomaa, B., Daly, M.J., Groop, L., Ardlie, K.G.AltshulBx,2006 Comprehensive association

testing of common mitochondrial DNA variation in metabolic dise®m J Hum Genet 79,
54-61.

Saxena, R., Voight, B.F., Lyssenko, V., Burtt, N.P., de Bakké., Chen, H., Roix, J.J.,
Kathiresan, S., Hirschhorn, J.N., Daly, M.J., Hughes,, TGEoop, L., Altshuler, D., Almgren,
P., Florez, J.C., Meyer, J., Ardlie, K., Bengtsson BwsirK., Isomaa, B., Lettre, G.,
Lindblad, U., Lyon, H.N., Melander, O., Newton-Cheh, C., Milss€P., Orho-Melander, M.,
Rastam, L., Speliotes, E.K., Taskinen, M.R., TuomiGuiducci, C., Berglund, A., Carlson,
J., Gianniny, L., Hackett, R., Hall, L., Holmkvist, Jaurila, E., Sjogren, M., Sterner, M.,
Surti, A., Svensson, M., Svensson, M., Tewhey, R., Blunansti, Parkin, M., Defelice, M.,
Barry, R., Brodeur, W., Camarata, J., Chia, N., Fava@bbons, J., Handsaker, B., Healy,
C., Nguyen, K., Gates, C., Sougnez, C., Gage, D., NjadarGabriel, S.B., Chirn, G.W.,
Ma, Q., Parikh, H., Richardson, D., Ricke, D.PurcelR@7 Genome-wide association
analysis identifies loci for type 2 diabetes and trighdeelevels. Science 316, 1331-6.

Scarpulla, R.C. 2008 Transcriptional paradigms in Mammali&ochondrial biogenesis and
function. Physiol Rev 88, 611-38.

Scott, L.J., Mohlke, K.L., Bonnycastle, L.L., Willer, G.0i, Y., Duren, W.L., Erdos, M.R.,
Stringham, H.M., Chines, P.S., Jackson, A.U., Prokunina-QléspBing, C.J., Swift, A.J.,
Narisu, N., Hu, T., Pruim, R., Xiao, R., Li, X.Y., Commaty, K.N., Riebow, N.L., Sprau, A.G.,
Tong, M., White, P.P., Hetrick, K.N., Barnhart, M.W.,rBaC.W., Goldstein, J.L., Watkins,
L., Xiang, F., Saramies, J., Buchanan, T.A., Watangbd,, Valle, T.T., Kinnunen, L.,
Abecasis, G.R., Pugh, E.W., Doheny, K.F., Bergman, Rilmilehto, J., Collins,
F.S.Boehnke, M. 2007 A genome-wide association study of typeb2teis in Finns detects
multiple susceptibility variants. Science 316, 1341-5.

Silva, J.P., Kohler, M., Graff, C., Oldfors, A., MagnusbhA., Berggren, P.O.Larsson, N.G.
2000 Impaired insulin secretion and beta-cell loss in tispaeHtc knockout mice with
mitochondrial diabetes. Nat Genet 26, 336-40.

Sladek, R., Rocheleau, G., Rung, J., Dina, C., She&elre, D., Boutin, P., Vincent, D.,
Belisle, A., Hadjadj, S., Balkau, B., Heude, B., QGiaantier, G., Hudson, T.J., Montpetit, A,
Pshezhetsky, A.V., Prentki, M., Posner, B.l., Balding,,D&yre, D., Polychronakos,
C.Froguel, P. 2007 A genome-wide association study identifies niekdbci for type 2
diabetes. Nature 445, 881-5.

Sun, L., Yang, Z., Jin, F., Zhu, X.Q., Qu, Y.C., ShiHXVang, L. 2006 The Gly482Ser
variant of the PPARGCL1 gene is associated with Typal2tes mellitus in northern
Chinese, especially men. Diabet Med 23, 1085-92.

t Hart, L.M., Hansen, T., Rietveld, I., Dekker, J.Mijpels, G., Janssen, G.M., Arp, P.A.,
Uitterlinden, A.G., Jorgensen, T., Borch-Johnsen, K., Pbl&,, Pedersen, O., van Duijn,

18

Page 18 of 22



MULDER AND LING, MITOCHONDRIA AND TYPE 2 DIABETES

C.M., Heine, R.J.Maassen, J.A. 2005 Evidence that trechondrial leucyl tRNA synthetase
(LARS2) gene represents a novel type 2 diabetes susceptjailie. Diabetes 54, 1892-5.

Toye, A.A., Lippiat, J.D., Proks, P., Shimomura, K., BentleyHugill, A., Mijat, V.,
Goldsworthy, M., Moir, L., Haynes, A., Quarterman, J. grman, H.C., Ashcroft, F.M.Cox,
R.D. 2005 A genetic and physiological study of impaired glucosesbstasis control in
C57BL/6J mice. Diabetologia 48, 675-86.

Trifunovic, A.Larsson, N.G. 2008 Mitochondrial dysfunction aswasezof ageing. J Intern
Med 263, 167-78.

Twig, G., Elorza, A., Molina, A.J., Mohamed, H., Wil@tm, J.D., Walzer, G., Stiles, L.,
Haigh, S.E., Katz, S., Las, G., Alroy, J., Wu, M., ByF., Yuan, J., Deeney, J.T., Corkey,
B.E.Shirihai, O.S. 2008 Fission and selective fusion govermchmindrial segregation and
elimination by autophagy. Embo J 27, 433-46.

van den Ouweland, J.M., Lemkes, H.H., Ruitenbeek, W., Sahdkiij, de Vijlder, M.F.,
Struyvenberg, P.A., van de Kamp, J.J.Maassen, J.A. 1992idfuila mitochondrial
tRNA(Leu)(UUR) gene in a large pedigree with maternatiynsmitted type Il diabetes
mellitus and deafness. Nat Genet 1, 368-71.

Wikstrom, J.D., Katzman, S.M., Mohamed, H., Twig, GaiGS.A., Heart, E., Molina, A.J.,
Corkey, B.E., de Vargas, L.M., Danial, N.N., CollinsS&irihai, O.S. 2007 beta-Cell
mitochondria exhibit membrane potential heterogeneity that caltelbedaby stimulatory or
toxic fuel levels. Diabetes 56, 2569-78.

Vimaleswaran, K.S., Radha, V., Ghosh, S., Majumder, P&epa, R., Babu, H.N., Rao,
M.R.Mohan, V. 2005 Peroxisome proliferator-activated receptomga co-activator-lalpha
(PGC-1alpha) gene polymorphisms and their relationship to Tyob2tes in Asian Indians.
Diabet Med 22, 1516-21.

Wollheim, C.B. 2000 Beta-cell mitochondria in the regulatibmsulin secretion: a new
culprit in type Il diabetes. Diabetologia 43, 265-77.

Yoon, J.C., Xu, G., Deeney, J.T., Yang, S.N., Rhe®ulgserver, P., Levens, A.R., Yang,
R., Zhang, C.Y., Lowell, B.B., Berggren, P.O., Newg&d., Bonner-Weir, S., Weir,
G.Spiegelman, B.M. 2003 Suppression of beta cell energy mistabanhd insulin release by
PGC-1alpha. Dev Cell 5, 73-83.

Zeggini, E., Weedon, M.N., Lindgren, C.M., Frayling, T.Mlljd#, K.S., Lango, H.,
Timpson, N.J., Perry, J.R., Rayner, N.W., Freathy, RBdrrett, J.C., Shields, B., Morris,
A.P., Ellard, S., Groves, C.J., Harries, L.W., Manghi.L., Owen, K.R., Knight, B., Cardon,
L.R., Walker, M., Hitman, G.A., Morris, A.D., Doney, A,3/cCarthy, M.l.Hattersley, A.T.
2007 Replication of genome-wide association signals in UK samgleals risk loci for type
2 diabetes. Science 316, 1336-41.

Zhang, C.Y., Baffy, G., Perret, P., Krauss, S., Pe@niGrujic, D., Hagen, T., Vidal-Puig,
A.J., Boss, O., Kim, Y.B., Zheng, X.X., Wheeler, M.Bhulman, G.I., Chan, C.B.Lowell,
B.B. 2001 Uncoupling protein-2 negatively regulates insulin iearand is a major link
between obesity, beta cell dysfunction, and type 2 dialestis1 05, 745-55.

Zhang, Y.Chan, D.C. 2007 Structural basis for recruitment afamindrial fission
complexes by Fisl1. Proc Natl Acad Sci U S A 104, 18526-30.

19

Page 19 of 22



MULDER AND LING, MITOCHONDRIA AND TYPE 2 DIABETES

LEGENDS

Fig. 1. Insulin secretion and fuel oxidation in isletsfrom high fat diet-fed C57BL/6J

mice. Insulin secretion in response to glucose (A), 10 mkétoisocaproic acid (KIC), 10
mM methyl-succinate (Succ) (B) was determined after mi@@te incubation of isolated
islets from high fat diet (HF) and control mice (C). Oxidatidiglucose, 1 mM palmitate and
10 mM glutamine (in the presence of 10 mM 2-amino-2-nonbornane-céidagid; BCH)
was determined after a 60 minute incubation of isoledets (C-E). It is seen that insulin
secretion is enhanced undetrk-independent condition (in the presence of 250 uM
diazoxide and 35 mM KCI), and in response to mitochondrial foet islets. Metabolism

of fuels other than glucose is enhanced. Data from (Faix, &007).

Fig 2. Schematic model for genetic and epigenetic control of mitochondrial function by

PGC-1a in pancreatic p-cells. The model is based on our findings in human islets. Thus, the

nuclear-encoded gene for PG@4% subject to both genetic and epigenetic regulation. The
Gly482Ser polymorphism and methylation of the gene promoterhvanecincreased in
individuals with Type 2 Diabetes, are associated withedtentRNA expression of PGGr1n
human pancreatic islets as well as impaired glucosesstied insulin secretion. Met-CG is

methylated CpG; TCA — tricarboxylic acid cycle; GLUT2 da@jse transporter 2.
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