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Mitochondrial function in normal and

diabetic 3-cells

Pierre Maechler & Claes B. Wollheim

Division of Clinical Biochemistry, Department of Internal Medicine, University Medical Centre, 1211 Geneva 4, Switzerland
(e-mail: claes.wollheim@medecine.unige.ch; pierre.maechler@medecine.unige.ch)

The aetiology of type 2, or non-insulin-dependent, diabetes mellitus has been characterized in only a limited
number of cases. Among these, mitochondrial diabetes, a rare subform of the disease, is the consequence of
pancreatic B-cell dysfunction caused by mutations in mitochondrial DNA, which is distinct from the nuclear
genome. The impact of such mutations on B-cell function reflects the importance of mitochondria in the
control of insulin secretion. The B-cell mitochondria serve as fuel sensors, generating factors that couple
nutrient metabolism to the exocytosis of insulin-containing vesicles. The latter process requires an increase in
cytosolic Ca**, which depends on ATP synthesized by the mitochondria. This organelle also generates other
factors, of which glutamate has been proposed as a potential intracellular messenger.

itochondria are present in most eukaryotic
cells, varying in number from hundreds to
thousands', and have also been visualized
as a continuous network®. Their origin is
generally thought to lie in the
endosymbiotic association of oxidative bacteria and
glycolytic proto-eukaryotic cells®. The phenotype resulting
from the absence of mitochondria is illustrated by
mammalian peripheral red blood cells, which depend
entirely on glycolysis for their energy supply. The
endosymbiotic hypothesis of mitochondrial origin is

Figure 1 A map of human mitochondrial
DNA indicating diabetes-associated
mutations. The mitochondrial genome
encodes 37 genes (16,569 bp):
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supported, for example, by the double membrane
surrounding the organelle and a unique genome in the
form of circular mitochondrial DNA (mtDNA) with
bacterial characteristics®. Human mtDNA comprises only
37 genes (16,569 base pairs (bp)), the most notable of
which are those encoding 13 polypeptides (Fig. 1) that are
part of the multisubunit enzyme complexes of the
respiratory chain'.

The mtDNA is transcribed and translated within the
mitochondrion. The nuclear genome specifies the remain-
der (the majority) of the enzyme subunits and the other

Human
mitochondrial
DNA

A8296G
A8344G
T8356C
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Figure 2 The TCA cycle and respiratory chain in a mitochondrion. Substrate oxidation
in the TCA cycle activates the respiratory chain, leading to the generation of ATP,
which is subsequently translocated to the cytosol. ANT, adenine nucleotide
translocator; GDH, glutamate dehydrogenase; Glu, glutamate; KG, ketoglutarate;
OAA, oxaloacetate; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase;
Suc-CoA, succinyl-CoA; SDH, succinate dehydrogenase; TCA, tricarboxylic acid;
UCP2, uncoupling protein 2.

mitochondrial proteins; these are synthesized in the cytosol and
imported into the mitochondrion®. The nucleus also controls the
transcriptional activity of mtDNA through regulatory proteins such
as mitochondrial transcription factor A (TFAM), which are encoded
by nuclear genes®. The mtDNA is maternally inherited because of the
non-persistence of sperm mtDNA in the zygote after fertilization.
The mitochondrial genome exists in multiple copiesinevery cell. Itis
highly susceptible to mutation as, in contrast to nuclear DNA,
mtDNA consists only of coding sequences and its repair mechanisms
are poor. Consequently, it is particularly sensitive to oxidative stress.
Moreover, it is juxtaposed to the respiratory chain, which generates
mutagenic oxygen derivatives®.

The mitochondria are the main source of energy, essentially ATP,
which is required for such vital cellular functions as the maintenance
of transmembrane ion gradients, protein synthesis and vesicular
transport. Additionally, in the pancreatic 3-cell, ATP and other mito-
chondrial factors accomplish the coupling of glucose metabolism to
insulin secretion. The mitochondria can be activated by the three
classes of fuel: amino acids, fatty acids and carbohydrates, the latter
being of most relevance in B-cells under physiological conditions.
The principal mitochondrial substrate is pyruvate, formed essential-
ly by glycolysis. Pyruvate carbons enter the tricarboxylic acid cycle
(TCA cycle) in the mitochondrial matrix, in which substrates are
oxidized with the formation of CO, and the reduction of NAD*and
FADH to NADH and FADH,, respectively. These provide electronsto
the respiratory chain upon their reoxidation (Fig. 2).

The electron flow along the respiratory chain drives the extrusion
of protons from the mitochondrial matrix, which establishes a steep
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electrochemical gradient across the inner mitochondrial membrane.
The mitochondrial membrane potential is created by complexes |, I11
and 1V of the respiratory chain and is negative inside. ATP synthase
(complex V) in the mitochondrial membrane catalyses the
condensation of ADP with inorganic phosphate to yield ATP. The
generation of this ‘high-energy bond’ is powered by the diffusion of
protons back into the matrix through ATP synthase. Finally, ATP is
transferred to the cytosol in exchange for ADP by the adenine
nucleotide translocator (ANT). Electrons can enter the respiratory
chain at both complexes I (NADH) and Il (FADH,). The latter
complex, succinate dehydrogenase, isalso an integral part of the TCA
cycle. The entire bioenergetic process is regulated not only by
substrate flux but also by Ca**, which increases the activity of several
mitochondrial dehydrogenases. An increase in free cytosolic Ca®*
that occursat cell activation is relayed to the mitochondrial matrix by
way of a Ca?* uniporter, thus ensuring that the energy requirements
of the cell are covered’®. Ca** entry is favoured by activation of the
respiratory chain, for instance by glucose in the -cell.

Stimulus—secretion coupling of insulin release

Blood glucose level is tightly controlled by insulin secretion from
pancreatic B-cellsand insulinaction on liver, muscle and other target
tissues. The B-cell is poised to adapt insulin secretion to the
fluctuations in blood glucose concentration (Fig. 3). Glucose
equilibratesacross the plasma membrane and its phosphorylation by
glucokinase to glucose-6-phosphate determines the rate of glycolysis
and the rate of pyruvate generation®*°. Thus, when blood glucose is
high, the rate of glycolysis in the B-cell will increase. In the B-cell,
pyruvate is the main product of glycolysis, as little lactate is
produced™. The supply of cytosolic NAD*, necessary to maintain
high rates of glycolysis, is therefore ensured by mitochondrial
shuttles®. Compared to other cell types, an unusually high propor-
tion of glucose-derived carbon enters the mitochondria in the form
of pyruvate and enters the TCA cycle.

Subsequent oxidative metabolism provides the link between the
glucose stimulus and insulin secretion**®, In the mitochondria,
pyruvate is a substrate for both pyruvate dehydrogenase and
pyruvate carboxylase, thereby ensuring anaplerosis (provision of
carbons) to the TCA cycle. Electron transfer from the TCA cycle to
the respiratory chain by NADH and FADH, promotes the generation
of ATP, which isexported to the cytosol. The increase in the ATP:ADP
ratioin the cytosol causes depolarization of the plasmamembrane by
the closure of ATP-sensitive K* channels (K)™. This allows the
opening of voltage-sensitive Ca*" channels™*®, similar to those
expressed in other excitable cells. Thisis the key step by which glucose
stimulates insulin secretion, as the increase in cytosolic Ca" is the
main trigger for exocytosis, the process by which the insulin-
containing secretory granules fuse with the plasma membrane™*®,

The importance of membrane-potential control is illustrated by
the syndrome of persistent hyperinsulinaemic hypoglycaemia of
infancy (PHHI). It is most frequently caused by mutations in one of
the two subunits (the sulphonylurea receptor and KIR6.2) of the K ip
channel, resulting in uncontrolled Ca**-mediated hypersecretion of
insulin®’. However, PHHI patients often retain some glucose-
stimulated insulin secretion above the constitutively increased basal
rate’®. Thissupportsin vitro observations that suggest the existence of
a Kyp channel-independent effect of glucose®. Glucose is thus
capable of eliciting a partial secretory response under conditions of
clamped, elevated cytosolic Ca®* concentration without affecting the
plasmamembrane potential. It can be concluded that ATP generated
in the mitochondria is the main coupling messenger in insulin
secretion, but that other metabolic factors are necessary for the full
development of the secretory response.

Signals and messengers for insulin exocytosis
Ultrastructural examination of the B-cell has suggested that the
mitochondria are often in close proximity to the secretory insulin
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Figure 3 Model for coupling of glucose
metabolism to insulin secretion in the
B-cell. Glucose is phosphorylated by
glucokinase (GK) and converted to
pyruvate (Pyr) by glycolysis. Pyruvate
preferentially enters the mitochondria
and fuels the TCA cycle, resulting in the
transfer of reducing equivalents to the
respiratory chain, leading to
hyperpolarization of the mitochondrial
membrane (A ¥, 1) and generation of
ATP. Subsequently, closure of K-
channels depolarizes the cell membrane
(AW,1). This opens voltage-gated Ca**
channels, raising the cytosolic Ca**
concentration ([Ca*'],), which triggers
insulin exocytosis. Several putative
messengers, or additive signals,
proposed to participate in the
metabolism—secretion coupling are
indicated.

granules (Fig. 4). This may facilitate metabolism—secretion
coupling, as ATP isamajor permissive factor for movementof insulin
granules and for priming of exocytosis’®%. This action of ATP is
distinct and complementary to its action on the K channel. Thus,
channel activity and exocytosis are both determined by the
cytosolic ATP:ADP ratio. Glucose also generates GTP, which could
trigger insulin exocytosis through GTPases??. GTP is formed in
mitochondria by the TCA cycle, butistrapped inthe organelle. Inthe
cytosol, GTP is formed mainly through the action of nucleoside
diphosphate kinase. In contrast to ATP, GTP is capable of
initiating insulin exocytosis in a Ca®*-independent fashion, which
qualifies it asa messenger molecule?®®. Itis not known whether GTP

g s 2T i b 98
Figure 4 Electron micrograph of part of a rat 3-cell showing mitochondria (m) and
insulin-containing secretory granules (sg). The scale bar represents 0.5 wm.
Reprinted with permission from ref. 13.
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acts by way of a monomeric or heterotrimeric G protein that
directly controls exocytosis'®®,

Cyclic AMP (cAMP) — the universal second messenger — is
generated at the plasma membrane from ATP and potentiates
glucose-stimulated insulin secretion. Many neurotransmitters and
hormones, including glucagon and the intestinal hormones
glucagon-like peptide 1 (GLP-1) and gastric inhibitory polypeptide
(GIP), increase CAMP levels in the B-cell by activating adenylyl
cyclase®. Although glucose itself is inefficient in stimulating the pro-
duction of cAMP, permissive levels of cCAMP are necessary for normal
responsiveness of secretion?. The most important target of CAMP is
the exocytotic machinery, where the messenger acts in both a protein
kinase A-dependent and independent manner®##=° Among other
putative nucleotide messengers, NADH and NADPH are generated
by glucose metabolism?®. The rise in pyridine nucleotides precedes the
increase in cytosolic Ca®" (ref. 31) and their levels rise more rapidly in
the cytosol than in the mitochondria®. It remains to be determined
whether pyridine nucleotides participate in -cell activation through
effects onion fluxes or on the process of exocytosis.

In glucose-stimulated B-cells, the TCA cycle intermediate citrate
is exported from mitochondria. In the cytosol, citrate carbons are
transferred to coenzyme A (CoA) to form malonyl-CoA, which is a
lipid precursor. Malonyl-CoA inhibits transport of fatty acids into
the mitochondriaand their subsequent oxidation, thereby favouring
the synthesis of long-chain acyl-CoAs in the cytosol. This metabolic
switch led to the proposal that malonyl-CoA acts as a metabolic
coupling factor in insulin secretion®. The long-chain acyl-CoA
hypothesis was substantiated by the observation that palmitoyl-CoA
enhances Ca?*-evoked insulin exocytosis®. Disruption of malonyl-
CoA accumulation during glucose stimulation did not, however,
attenuate the secretory response®. Therefore, the role of long-chain
acyl-CoA derivatives in metabolism—secretion coupling remains
controversial.

Studies in a permeabilized B-cell model have shown a direct link
between mitochondrial activation and insulin exocytosis®. Under
conditions of permissive Ca*" concentrations, stimulation of mito-
chondrial metabolism® indicated the generation of a coupling
factor®, The factor was subsequently identified as glutamate®, which
can be produced from the TCA cycle intermediate a-ketoglutarate or
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by transamination reactions®. In non-permeabilized cell prepara-
tions,amembrane-permeant derivative of glutamate was also shown
to enhance the action of glucose in insulin secretion®*“. Further
studies demonstrated a positive correlation between cellular
glutamate concentrations and the secretory response to glucose*. At
present, the mechanism of glutamate action on exocytosis is
unknown. Inthisscenario the classical neurotransmitter glutamate is
allocated a new role, that of an intracellular messenger or cofactor in
insulin secretion®.

Mitochondrial dysfunction in the B-cell

Itwas established several decades ago that blockade of the respiratory
chain inhibits glucose-stimulated insulin secretion. This conclusion
was based on the use of various mitochondrial poisons and lowering
of the oxygen supply to the B-cell*. More recently, the activity of the
respiratory chain was impaired by suppressing the production of
those enzyme subunits encoded by mtDNA, which creates so-called
rha® cells*. In this way, ethidium bromide and other chemical
treatment of B-cell lines resulted in depletion of MtDNA with preser-
vation of insulin biosynthesis and cell viability, albeit with a reduced
proliferation rate*, Insuch cells, glucose-induced insulin release is
absent, as a result of defective respiratory-chain activation and the
loss of mitochondrial ATP production®*. The defect is of
mitochondrial origin, as specific mitochondrial substrates were
equally inefficient, whereas the secretory response to Ca?*-raising
agents was still present®8, Elegant experiments showed that the
secretory response to glucose could be restored by replenishing rho®
B-cellswith normal mitochondria®.

Expression of mtDNA is controlled by a nucleus-encoded
transcription factor, TFAM, and disruption of this gene in the mouse
is lethal’. The phenotype of the heterozygous knockout mouse
revealed that the heart is highly sensitive to respiratory-chain
deficiency®. The B-cell-specific deletion of the Tfam gene caused a
diabetic phenotype®. The islets of these mice showed attenuated
respiratory-chain activation and diminished secretory response to
glucose. These transgenicanimals represent the first model of human
mitochondrial diabetes, which, it should be noted, has been linked
mostly to mutations in tRNA genes (Fig. 1). Taken together, the in
vitro and in vivo studies highlight the pivotal role of mitochondriain
stimulus—secretion coupling in the B-cell.

mtDNA mutations and diabetes

Point mutations or deletions in mtDNA have been associated with a
large spectrum of diseases, with symptoms such as muscle weakness,
cardiomyopathy, optic nerve atrophy, retinal dystrophy, impaired
hearing and hyperglycaemia (diabetes mellitus). Point mutations in
the mitochondrial tRNA genes are the primary cause of these patho-
logical manifestations (Fig. 1). A specific, maternally inherited form
of diabetes mellitus was first linked to mutations in the mtDNA in
1992 (refs 50, 51). Often associated with neurosensory deafness, it is
also called maternally inherited mitochondrial diabetes and deafness
(MIDD). The most frequent mutation encountered is the A3,243G
mutation in the gene for tRNA"* (bearing the anticodon UUR)*%,
Altogether, mitochondrial diabetes accounts for approximately 1%
of all cases of diabetes®. The mutation reduces the stability of
mtDNA-encoded proteins and the binding of leucine to its tRNA,
resulting in decreased synthesis of certain mitochondrial proteins®,
The same mutation causes the MELAS syndrome (mitochondrial
encephalomyopathy, lactic acidosis and stroke-like episodes)*,
which may be associated with diabetes®.

How isit possible that the same A3,243G mutation in mtDNA can
give rise to two different phenotypes affecting different tissues? On
the one hand, this is due to tissue-specific segregation of the mutant
MmtDNA copies. In the course of cell division, an increasing
proportion of mutant mtDNA substituting for wild-type copies is
referred to as heteroplasmy, a process aggravated in post-mitotic
cells. On the other hand, the decreased mitochondrial function will
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impact differently on cell viability according to tissue sensitivity to
apoptosis. The A3,243G mutation has been associated with reduc-
tion of islet mass involving both B-cells and the neighbouring
glucagon-producing a-cells®®. In post-mortem studies, diabetic
patients with A3,243G mutation showed a degree of heteroplasmy
ranging from 32% to 63% (refs 55, 56). It is possible that the extent of
heteroplasmy may participate in the lowering of the cellular energy
capacity below the bioenergetic threshold®. The consequence of this
would be that the organelle could no longer fulfil the energetic and
signalling requirements for glucose-stimulated insulin secretion, a
concept also supported by clinical observations®’. In contrast, secre-
tion induced by the receptor agonist glucagon, acting by way of
cAMP effects on exocytosis, was preserved in A3,243G patients®’.
This form of diabetes may or may not require insulin injections, and
isusually notassociated with resistance of muscle and other tissues to
the action of the hormone®2***",

The molecular diagnosis of mitochondrial diabetes is complicat-
ed by an invariably low degree of heteroplasmy in the peripheral
white blood cells usually used for genetic analysis. Ex vivo
mitochondrial dysfunction associated with the A3,243G mutation
was demonstrated in skin fibroblasts® or in cells enriched for patient
mutant mitochondria®. A similar conclusion was drawn from a
study on another mtDNA mutation associated with a neurodegener-
ative disease®. The mitochondrial diabetes phenotype illustrates the
importance of normal respiratory-chain function in the g-cell for
glucose homeostasis.

Other pathophysiological considerations

In contrast to the rare monogenic mitochondrial diabetes, type 2 or
non-insulin-dependent diabetes mellitus is common and polygenic
in nature®. Patients usually display both resistance to insulin at its
target tissues (mainly skeletal muscle) as well as defective insulin
secretion®. Although the contribution of variationsin mtDNA to the
development of type 2 diabetes is unknown, a 50% decrease in
MtDNA copy number in skeletal muscle of type 2 diabetics was
observed®. Areduced mtDNA contentwas also reported in peripher-
al blood cells in such patients even before the onset of the disease®.
The corresponding information for B-cells is lacking.

The diabetic state is generally characterized by accelerated tissue
ageing, perhaps related to mitochondrial dysfunction. Accumula-
tion of point mutations in mtDNA has been reported to occur inan
age-dependent manner in humans®. There isan age-related increase
in the production of reactive oxygen species (ROS), while
concurrently the defence mechanisms against these free radicals are
diminishing®. The mitochondria are the principal source of ROS
resulting from imperfect electron transport. Normally, only 0.1% of
total oxygen consumption leaks to ROS generation, but the percent-
age becomes greater in the ageing tissue®. This deleterious process is
amplified by the diminishing natural enzymatic defences (for
example, catalase and superoxide dismutase). The low expression of
these protective enzymes® makes the B-cell particularly susceptible
to ROS action®”. In addition to their acute effects, ROS may also lead
to increased mutation in mtDNA, exacerbated by the limited repair
capacity. These considerations have prompted the suggestion that
ROS may participate in the impairment of glucose-induced insulin
secretion seen both inageing and in type 2 diabetes®,

Further clues on B-cell function come from other forms of mono-
genic diabetes. Different subclasses of maturity-onset diabetes of the
young (MODY) represent such monogenic forms of diabetes with
autosomal dominant transmission. They are characterized by B-cell
dysfunction as a result of mutations in nuclear genes®. MODY1 and
MODY3 have been linked to mutations in the transcription factors
hepatocyte nuclear factor HNF-4a and HNF-1a, respectively®.
MODY3 is the most common form of this inherited disease and
explains 2-5% of diabetic cases. Suppression of the HNF-1a gene in
mice results in diabetes and impairment of glucose-induced insulin
secretion assessed in vitro™. In cellular model systems, the molecular
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basis of the defect has been attributed to deranged mitochondrial
metabolism™™. In particular, the defective respiratory-chain
activation correlated with downregulation of the TCA cycle enzyme
a-ketoglutarate dehydrogenase, accompanied by an upregulation of
uncoupling protein 2 (UCP2)™.

UCP2 is an inner mitochondrial membrane protein that tends to
diminish the proton gradient generated by the respiratory chain. Its
overexpression in B-cells attenuates ATP generation and insulin
secretion in response to glucose™. It is of interest that deletion of the
UCP2 gene in mice enhances islet ATP generation and insulin secre-
tion during glucose stimulation™. In obese, diabetic hyperlipidaemic
rodentmodels, UCP2 levelsin islets were reported to be either lower™
or higher’than lean controls. Thus, there isno simple relationshipin
vivo between circulating lipids and UCP2 function. Type 2 diabetics
usually have both hyperglycaemia and hyperlipidaemia. This is
thought to induce the phenomenon of ‘glucolipotoxicity’ in the
B-cell, leading to lipid accumulation, impaired glucose metabolism
and alterations in mitochondria’™". Chronic exposure of B-cells to
fatty acids induces changes in the expression of numerous genes.
Among them, UCP2 is induced, which correlates with reduced
glucose-evoked insulin secretion”. This may be part of an
adaptive mechanism protecting the B-cell against oxidants, as indi-
cated by in vitro experiments™. Elucidation of the adaptation of the
mitochondrial machinery is complicated by the multiple influences
onthe B-cell inthe course of the development of the diabetic state.

Possible therapeutic interventions and perspectives

Patients with mitochondrial diabetes or with one of the MODY
subformsare treated like any other case of type 2 diabetes. Treatment
begins with diet, but usually needs to be supplemented with oral
hypoglycaemic agents, in particular the sulphonylureas. Eventually,
blood glucose control may require insulin injections.

Mitochondrially targeted therapy of the insulin secretory defect
in a rat model of type 2 diabetes has been proposed. Dimethylsucci-
nate, a precursor of the TCA cycle intermediate succinate, was found
to improve the secretory response®. Diabetic patients with a
mitochondrial DNA mutation have been given long-term treatment
with coenzyme Q10, a component of the respiratory chain®. This
resulted in improved insulin secretion but, disappointingly, did
not affect diabetic complications (nephropathy, retinopathy and
neuropathy). More efficient treatments should be envisaged for such
patients. The ultimate goal is the replacement of mutated DNA with
normal mtDNA by either gene or cell therapy. Despite much
research, these techniques are not yet available. It was, however,
shown recently that complementation of normal mtDNA in
mice carrying mutated mtDNA restores mitochondrial function®,
This may open new perspectives for gene therapy of mitochondrial
diseases.

In view of the requirement for optimally functioning mitochon-
dria, measures directed to protecting these organelles should be
envisaged in diabetes prevention. Even after the disease is manifest,
such therapy could preserve partial B-cell sensitivity to glucose.
Further definition of the molecular mechanisms underlying the role
of mitochondria in cell activation will help to target interventions in
diabetes and other metabolic diseases. m
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