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Abstract. The genetics of diabetes mellitus is very complex. Although the phenotypes
are relatively simple vis-e-vis an abnormal glucose-insulin relationship, a number of
genotypes share this phenotype. This review focuses on mutations in the mitochon­
drial genome that phenotype as diabetes mellitus. Studies in the human and the rat are
described. [P.S.E.B.M. 1998, Vol 219]

Diabetes mellitus can arise from anyone of a number
of mutations in either the nuclear or mitochondrial
genomes. Thus, this term, diabetes mellitus refers to

a group of genetic disorders having in common a disordered
glucose-insulin relationship. Secondary complications in­
volving the circulatory system, the central nervous system,
and the renal system are common, yet not all people with
diabetes mellitus develop all the additional symptoms and
problems. In some (but not all), obesity is a concurrent
problem and indeed may precede the abnormal glucose tol­
erance that characterizes the individual with diabetes. Other
diseases such as heart disease and renal disease may also
develop concurrently or sequentially depending on the spe­
cific genetic disorder that caused the diabetic state. This
review describes and discusses the diabetic condition that
arises as a result of a mutation in the mitochondrial genome.
This form of diabetes is transmitted as a maternal trait be­
cause mitochondrial (mt) DNA is of maternal origin (1).
Very little mtDNA is contributed by the sperm because the
mitochondria in the sperm are located in the tail. Only the
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head of the sperm penetrates the egg at conception. Thus mt
mutations are inherited from the mother-not the father.

The mitochondrial genome serves as a site for a number
of genetically determined degenerative diseases in addition
to diabetes mellitus. Some of these diseases are relatively
rare whereas some (i.e., diabetes) "may" be quite common.
The may is in quotation marks because the prevalence of
these mutations is only now being widely studied. As with
any genetic disease, the severity and time course of develop­
ment is determined by the location of the mutation within a
specific gene. A mutation in a part of the gene that is translated
into an active portion of the resultant protein would be far
more devastating than a mutation in a more distal location. In
turn, those mutations that result in devastating lethal diseases
are rare and usually the result of a spontaneousmutation in that
individual. Such a disease markedly shortens the life span of
the individual who, in tum, would not likely contribute this
gene mutation to the population's gene pool.

In contrast to diseases caused by mutations in nuclear
DNA, mutations in mtDNA might not be fully expressed.
This is because there are many mitochondria in each cell.
The liver, for example, has between 500-2500 mitochondria
per cell with the average value of about 1300. Each mito­
chondrion has about eight copies of the genome. Cells differ
in the number of copies; thus, the range is broad (1000­
10,000 copies/cell). This is in contrast to nuclear DNA of
which there are only two copies per cell. If some of the
mtDNA copies have a normal base sequence and others
have a mutated sequence, the cell is heteroplasmic. Homo­
plasmic cells are those containing mtDNA with identical
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sequences. If the mutation is a point mutation, that is, a
substitution of a base that in tum results in an amino acid
substitution in the translation product, this mutated DNA
will coexist with normal DNA in the same cell. Depending
on where the base pair substitution occurs with respect to
the active site of the translation product, the effect of the
mutation could be minimal , modest, or profound with re­
spect to the function of that particular mitochondrion. As
mentioned, there are many mitochondria in any given cell so
if a small percentage is aberrant, the existence of the mu­
tation might not be known. However, should a large per­
centage be aberrant, there could be measurable conse­
quences. Whereas a number of nuclear mutations have been
identified that associate with NIDDM, there also is a grow­
ing body of literature that shows that mutations in the mi­
tochondrial genome also associate with this disorder.

The Mitochondrial Genome

In contrast to nuclear DNA (nDNA), which exists as a
linear molecule, mtDNA is a closed circular molecule. The
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size of mtDNA ranges from approximately 16 kb in animals
to more than 100 kb in plants (2). Mitochondrial DNA in
animals is nearly identical in size and has the same organi­
zation and content of genes, which encode homologous
products (3-12). In the rat, the size of the mitochondrial
chromosome is 16,298 bp; in the human it is 16,569 bp (12).
The mitochondrial genome has been sequenced and mapped
in many organisms including the human and the rat (4-12).
Figure 1 illustrates the locations of each of the genes on the
mitochondrial chromosome. This DNA encodes 22 tRNAs,
2 ribosomal RNAs, and 13 structural genes that are all com­
ponents of oxidative phosphorylation (OXPHOS) (2, 5, 7,8,
10-14). The structural genes include 7 of the 39 units of
Complex I (ND1, 2, 3, 4, 4L, 5, and 6), 1 of the 10 units of
Complex III (Cyt b), 3 of the 13 units of Complex IV,
Cytochrome C Oxidase (CO I-IV) of the respiratory chain,
and 2 units of the Fa portion of Complex V, the
F1FoATPase. Approximately 6% of the bases in the mito­
chondrial genome are noncoding. Ninety-seven percent of
this noncoding DNA is located in the two controller regions,

Figure 1. Transfer RNAs are indicated
by single-letter amino acid code with
these encoded by the light strand on the
inside and those encoded by the heavy
strand on the outside of the circle. Ol,
origin of light strand; OH, origin of
heavy strand; PH, heavy strand promo­
tor; Pl, light strand promotor.



the 30-bp origin of replication for the light strand (Od, and
the 898-bp unit called the displacement loop or the D-loop.

The D-loop region is sandwiched between the genes for
tRNAPhe, which is downstream, and tRNAPro

, which is up­
stream (14). This control unit contains the origin of repli­
cation for the heavy strand (OH) (4), the origins of both
heavy and light strand transcription (5), major dedicated
promoters for both heavy and light strand transcription (6,
13), two transcription factor binding sites, three conserved
sequence blocks associated with the initiation of replication,
and the D-loop strand termination associated sequences (15,
16). The light strand promoter region serves two purposes;
it is not only the major promoter for light strand transcrip­
tion, but also the site of priming for leading strand mtDNA
replication.

The entire length of the genome contains genes situated
on both strands. The heavy strand is the main coding strand,
and codes for 2 rRNA species, 14 tRNA species and 12
structural genes. The light strand codes for 8 tRNA species
and 1 structural gene for a subunit of NADH dehydrogenase
(ND6) (14). The genome sequence shows extreme economy
in that the genes have few noncoding bases between them
(4). In fact, the largest space between two genes in mtDNA
(excluding the controller regions) is the five-base pair se­
quence between the genes for tRNAGlu and the cytochrome
b gene. There is gene overlap as well. In six cases, there are
genes that share coding nucleotides. In half of the cases, the
shared nucleotides are not really shared; they are on the
heavy and light strands such that the shared bases are on the
3' ends of two genes. In the other three cases, the shared
genes are actually shifts in the reading frame to allow the
same nucleotides to code for two different proteins. The
genes that share nucleotides include the ATPase 6 and 8
genes that share 52 base pairs, ND4 and ND4L that share 7,
the tRNA~~rn and tRNALeu that share 1, ND5 and ND6* that
share 31, the tRNAt~c and the cytochrome oxidase I gene
that share 4, and lastly, the tRNAIle and tRNAGin that share
3. Interestingly, only 56 base pairs are all that separate the
different genes on the mt chromosome; 98 base pairs are
shared by neighboring genes.

The initiator codon of each reading frame, which can be
either AUG, AUA, AUU, or AUC, follows immediately or
only a few bases after the 3' termination sequence of its
upstream neighbor. Most reading frames lack termination
codons and only code a T or a TA after the last sense codon.
Completion of the termination codon occurs at the time of
RNA processing by polyadenylation (17). Introns, common
in nDNA, are not a feature of mtDNA. The tRNA genes are
used as intervening sequences and come into play during
RNA processing. Transfer RNA removal from primary tran­
scripts results in the production of both the tRNA species
themselves as well as mature mRNAs (18).

The mt genome of most mammals has a GC content
between 36% and 44%. In the rat, the infrequent occurrence
of guanine in the third codon position reflects the generally

low amount of this base in the genome. Some G ending
codons (i.e., TAG, AGG) are not used at all in this species.
ATG is fairly abundant because of its function as an initiator
codon. TAA is used as the stop codon in the mtDNA. One
of the peculiar features of the mtDNA is the use of TGA as
the codon for tryptophan. Considering the number of tRNAs
present in this organelle, wobble rules have been deter­
mined. In the sets of four synonymous codons, an unmodi­
fied U exists in the first position of the anticodon and
"wobble-pairs" with all four bases in the third position of
the codon (19). Uridine is the only base that can form a
"stable" pair with all four nucleotides in the third position
of the codon in either a two out of three or a U:N wobble
(20). In two-codon sets, post-transcriptional modifications
restrict the pairing of U to A and G (21). For each of the
eight "genetic code boxes" containing four synonymous
codons, there is a single specific tRNA gene with a T in the
first position of the anticodon (22). In the case of tRNA
genes corresponding to the sets of two synonymous codons
ending with a purine, a T is also found at the first position
of the anticodon, and it is thought that the corresponding U
in the tRNAs is modified to restrict the codon recognition to
two codons (23).

Nuclear encoded enzymes and proteins play an impor­
tant role in the transcription of mtDNA, the processing of
mtRNAs, and the translation of mitochondrial messages.
These additional nuclear encoded enzymes are needed for
the synthesis of the entire complement of mitochondrially
encoded proteins. Other nuclear genes also have functions
that relate to the expression of individual mitochondrial
gene products such as cytochrome b and the subunits 1 and
2 of cytochrome oxidase (24). The expression of these genes
depends on nuclear genes that code for proteins involved in
5' -end processing (25), intron excision of the pre-mRNA
(25, 26), and translation of the mature message (27).

In addition to the above, the development of functional
mitochondria requires structural and regulatory genes called
PET genes located in the nucleus (28). The expression of
these genes is required for the biogenesis of respiration­
competent mitochondria. These genes code for products that
have a direct function in mitochondrial respiration and ATP
synthesis, yet they affect mitochondrial oxidative metabo­
lism indirectly.

The fact that genetic information is distributed among
two spatially separate compartments implies the existence
of some mechanism for ensuring a coordinate expression of
the proteins and/or RNAs encoded in the two genomes.
Growth and division of eukaryotic cells are accompanied by
a concomitant increase in mitochondrial mass. This is ac­
complished not only by the de novo formation of the organ­
elle, but also by the addition of lipid and newly synthesized
proteins to preexisting mitochondria (28). The latter condi­
tion depends on the balanced rates of synthesis of both the
nuclear and mitochondrially encoded constituents of this
organelle. In some single-celled organisms such as yeast
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(29), mtDNA may be absent, yet the organism is able to
function somewhat. Some compensatory reactions serve as
respiratory components. In complex animals, compensation
can occur in respiration-deficient cells; however this com­
pensation is quite limited.

Lastly, the transcription of mtDNA is controlled not
only by nuclear-encoded transcription factors but also by
mitochondrial-specific factors that seem to target mtDNA
(6,30,31). Thyroid hormone appears to act in this way, but
the mechanism of its action has not been clearly described.
Other mtDNA binding molecules have been suggested, but
the details of such regulatory effects are lacking.

Mutations in mtDNA
Just as mutations in the nuclear DNA can result in

discernible disease, so too can mutations.' in the mtDNA. A
number of reviews in the literature have described the dis­
eases that associate with these mutations. Some of these are
cited in this review (e.g., 2, 9, 32-36 and others). Both
heteroplasmic and homoplasmic mutations have been re­
ported, and these mutations include both point mutations
and deletion mutations. Large and small deletion mutations
have been reported (7, 32-35). Deletion mutations can oc­
cur due to slipped mispairing between repeated sequencess
during DNA replication or by erroneous RNA splicing (30).
Domains containing tandemly repeated DNA sequences are
often highly polymorphic in length due to the propensity of
repeat units to undergo addition or deletion events (7, 12,
32, 33, 34, 36-42). Slipped mispairing between adjacent or
nearby repeat sequences during replication is one of several
proposed mechanisms for mtDNA deletion mutation.
Slipped mispairing between distant repeats can also occur
and may be responsible for larger-scale deletions associated
with a variety of neuromuscular diseases in humans (12, 32,
33, 35). Deletions can also occur as a result of free radical
attack on the genome (37). Age-dependent deletion has been
reported in human liver (36-39), and these deletions were
found to parallel an age-related decline in respiratory function
(37).

Madson et al. (35) have investigated the mechanism of
slipped mispairing. They analyzed a repeat domain present
in porcine mtDNA. This domain was located at the 5' end
of the D-loop between conserved sequence blocks 1 and 2.
This sequence consisted of 14-29 copies of a l O-bp, self­
complimentary, tandemly repeated sequence, CGTGCG-

3 Mitochondrial diseases due to mutations in mtDNA are abbreviated as follows:
NIDDM, noninsulin-dependent diabetes mellitus (Type II); MELAS, mitochondrial
encephalomyopathy, lactic acidosis, and stroke-like symptoms; LHON, Leber heredi­
tary optic neuropathy; MERRF, myotonic epilepsy and ragged red fiber disease;
IDDM, insulin-dependent diabetes mellitus; NARP, neurogenic muscle weakness,
atoxia, retinitis pigmentosa. Complete descriptions of these diseases and their asso­
ciated mutations can be found in references 2, 9, 33, 36-40, 46-49, 68-74, 87-101 as
well as in many other reviews and reports not cited due to space limitations.
4 Other abbreviations used: bp, base pair; mt, mitochondria; mtDNA, mitochondrial
DNA; NDl-6, NADH oxidoreductases that are part of respiratory chain complex I,
the NADH ubiquinone oxidoreductase; COX, cytochrome oxidase; OXPHOS, oxi­
dative phosphorylation.
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TACA. Upon passage into E. coli, a recombinant plasmid
containing this domain displayed a unique polymorphic pat­
tern that was different from that seen in the pig. Using either
single- or double-stranded templates containing the repeat
domain, these investigators showed that slippage replication
could account for the observed mammalian deletion muta­
tion. Because certain genomes may have more areas of di­
rect repeats and because deletions are more likely to occur
in or near these areas, these genomes might be more vul­
nerable to this type of mutation (7, 8, 15, 35, 40-43).

Just as cells can be heteroplasmic with respect to nor­
mal mtDNA and DNA with a point mutation, so too can
cells be heteroplasmic with respect to mtDNA that has a
deletion mutation. However, in the instance of the hetero­
plasmic cell with the deletion mutation, there is the ten­
dency to drift towards deletion mutation homoplasmy. The
reason this drift occurs is because mitochondria reproduce
themselves at a rate that is 5 to 10 times faster than the rate
of cell replication (15), and shorter strands of DNA are
replicated at a faster rate than strands of normal length (16).
Thus, a deletion mutation might become evident faster than
a point mutation-all other factors being equal. In this sce­
nario, age is a critical determinant of the percentage of
mtDNA with a deletion mutation. As the animal or human
ages, there is a drift toward deletion mutation homoplasmy.
Several investigators have reported that age, as well as di­
etary fat as a source of free radicals, are critical factors in
the accumulation of deletion mutation (36-40, 43-45).

Point mutation in the codes for the 13 structural genes
as well as in the codes for the tRNAs have been reported as
well as mutations in the controller regions (46-51). Some of
these associate with diabetes mellitus. Controller region se­
quence mutation has been reported to occur at rates faster
than mutation rates elsewhere in the genome. Rates of base­
pair substitution in this region vary among the different sites
of this region, and these sites are distributed along the re­
gion rather than being clustered (50). Polymorphic variation
occurs as well with few or no effects on the activities of the
gene products (50, 51).

Mitochondrial DNA Mutations that Associate
with Diabetes Mellitus in Humans

NIDDM has a strong genetic component as suggested
by a concordance rate that approaches 100% with age in
monozygotic twins (52, 53). Whereas this high concordance
rate indicates that the disease has a strong genetic link, the
mode of inheritance is highly variable. NIDDM has a mul­
tifactorial etiology in which environmental factors, such as
diet, are important modifiers. NIDDM can be thought of as
a disease that results from a nutrient-gene interaction. For
some forms of NIDDM, the genetic clues have been dis­
covered. These forms are usually of the early-onset type and
are monogenic as well as uncommon. Listed in Table I are
some of the nDNA mutations that have been identified as
being associated with NIDDM. These mutations, although
numerous, account for less than 5% of the individuals with



Table I. Nuclear DNA Mutations Associated with NIDDM

Gene

Glucokinase (MODY 2)
Insulin cleavage enzyme
MODY3
MODY 1
Glycogen synthase
FAD-glycerol 3 phosphate

dehyrogenase
Glucagon receptor

CCKBR
IRS 1

Chromosome
location

7
?

12q
20

19q 13.3

3
?

11p 15.4
?

Comment

Uncommon; heterogeneous.
Results in excessive amounts of proinsulin in the blood.
Encodes transcription factor 1a.
Encodes transcription factor 4a.
Two forms (liver & muscle); Highly polymorphic.

Associates with NIDDM in the GK rat.
Associates with NIDDM in French and Sardinian subjects

but not Japanese subjects.
Associates with NIDDM in French subjects.
Plays a role in downstream insulin signaling. When

mutated, the signal pathway is aberrant.

NIDDM. This group includes individuals with maturity on­
set diabetes of the young (MODY), which is itself a het­
erogeneous syndrome (54-58). Genes affected in MODY
patients include glucokinase (hexokinase IV) (MODY2), as
well as the transcription factors, HNF-la (MODY3) and
HNF-4a (MODYI). Heterogeneity is seen in these sub­
groups. For example, more than 44 different mutations in
MODY-2 patients have been reported (54-56). Mutation in
the gene for insulin (59), the genes for insulin processing
enzymes (60), and the genes for the insulin receptor (61)
have also been detected and associated with the early onset
forms of the disease.

The maternal inheritance pattern of diabetes has led
researchers to look for genetic defects in the mitochondrial
genome. As mentioned earlier, mtDNA is maternally inher­
ited because the mitochondria contributed to the embryo by
the sperm is much less than that present in the egg at the
time of fertilization. The ratio is around I: 1000. Thus,
mtDNA mutation(s) are transmitted to the progeny via ma­
ternal lineage. Mutations in the mitochondrial genome
should have an impact on cellular energy production as
genes encoded by the mitochondrial genome are compo­
nents of oxidative phosphorylation (OXPHOS) or are their
supporting tRNAs or rRNAs. Inhibition of cellular energy
production has been shown to reduce or abolish both insulin
secretion and action (62-65) and of course, this is central to
the diabetic condition. In addition, losses in OXPHOS ef­
ficiency mean that there are losses in the control of glucose
homeostasis as evidenced by elevations in the tissue and
blood lactate levels as well as impaired glucose tolerance.

To date, 42 different mitochondrial DNA mutations
(point mutations, deletions, and duplications) have been
found to associate with the NIDDM phenotype (Table II).
Many are associated with other mitochondrial syndromes
and involve disturbances in CNS function as well as dis­
turbed muscle and renal function. In these instances, the
NIDDM symptoms are less important than those associated
with the CNS. Patients with NIDDM associated with
mtDNA mutations generally are not obese (66). They ex­
hibit hyperglycemia that is due to a significantly reduced
insulin secretory capacity that progresses with age (67-74).

Table II. Point Mutations in mtDNA exclusive of the
ATPase genes that Manifest Primarily as Diabetes

Mellitus

Position Mutation" Gene

32438 A--+G tRNALeu

3252 A--+G tRNALeu

3256 C--+T tRNALeu

3271 T--+C tRNALeu

3290 T--+C tRNALeu

3291 T--+C tRNALeu

3316 G--+A ND1
3348 A--+G ND1
3394 T--+C ND1
3396 T--+C ND1
3423 G--+T ND1
3434 A--+G ND1
3438 G--+A ND1
3447 A--+G ND1
3480 A--+G ND1
3483 G--+A ND1
4216 T-->C ND1
4917 A--+G ND2
5780 G--+A tRNAcys

7476 C--+T tRNASer

8245 A--+G COX II
8251 G--+A COX II
8344 A--+G tRNALys

10398 C--+T ND3
11778 T--+C ND4
12308 A-tG tRNALeu(cun)

14709 T--+C tRNAGlu

15904 C--+T tRNNhr
15924 A--+G tRNAthr

15927 G--+A tRNAthr

15928 G--+A tRNNhr
16069 C--+T D-Ioop
16093 T--+C D-Ioop
16126 C--+T D-Ioop

a When the mutation is heteroplasmic, NIDDM rather than a more
serious disease develops if the percentage mutation is less than
50%.

This hyperglycemia is not due to decreased insulin sensi­
tivity (74), aberrant insulin receptors, or aberrant mobile
glucose transporters (74-76). These patients develop a fatty
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liver, which is not an uncommon feature of diabetes mellitus
(73). I3-Cell loss is seen (77) as well as defects in glucose­
induced signaling of insulin release (47, 77, 78).

The mitochondrial tRNALeu(UUR) gene is an etiological
hot spot for mtDNA mutations. So far, eleven disease­
related mutations in this gene have been described, with six
associated with NIDDM. Mutations in this particular gene
comprise 60% of all of the mitochondrial tRNA gene mu­
tations and collectively account for about 10% of all people
with NIDDM (79). An A/G transition at bp 3252 was found
to be associated with mitochondrial encephalomyopathy,
pigmentary retinopathy, dementia, hypothyroidism, and
NIDDM (80-83). Another A/G point mutation at bp 3243
has been associated with maternally inherited myopathy and
cardiopathy (33) and with MELAS (79). A CIT exchange at
3256 in a patient with a MERRF-like syndrome has also
been reported (79). It is interesting to note that the 10 dif­
ferent mutations in the same gene can have different phe­
notypes. The differences in the phenotypes are due to the
degree of heteroplasmy, the position of the mutation, and
the environmental influences such as diet. The mutations in
the tRNA are located in a region of the DNA responsible
for transcription termination of the rRNA genes and as
such, affect not only the amino acid sequences of the struc­
tural genes but also the termination by one of several
mechanisms as proposed by Moraes et al. (79). These in­
clude interference with 16S rRNA synthesis, alteration in
the mRNA:rRNA ratios, or overproduction of the termina­
tion factor interfering with light-strand transcription. Any or
all of these mechanisms could be operative and result in
disrupted mitochondrial OXPHOS function due to aberrant
mt gene products.

In 1989 a particular pedigree was observed in which all
nine children of a mother with NIDDM also exhibited the
disease (81). The children had accompanying hearing loss,
yet the severity of the NIDDM varied. When members of
the third generation were studied, it was discovered that the
diabetes and deafness were present in the children of af­
fected mothers not affected fathers. This maternal inheri­
tance pattern is the hallmark of syndromes associated with
mtDNA mutations. This mutation was heteroplasmic with
an A to G substitution at position 3243 in the tRNALeu(UUR)
gene (49, 82, 83). Subsequently, this particular base substi­
tution has been found in a number of diabetic populations
and accounts for -1.4% of all of the diabetes cases where
known genetic causes have been identified.

NIDDM has been reported as a secondary characteristic
in many of the mitochondrial diseases. Patients with chronic
progressive external ophthalmoplegia (CEOP), and the
complete Kearns-Sayre syndrome carrying large mtDNA
deletions and duplications (84-88) have been reported along
with NIDDM. Patients with Pearsons disease that involves
the bone marrow as well as the pancreas (89) and patients
with renal tubular dysfunction (90, 91) also exhibit diabetic
symptoms. Glucose intolerance or frank diabetes mellitus
occurs in some subjects with mitochondrial myopathy (75,
92, 93). Of particular interest is the syndrome, MELAS,
which shares the point mutation at position 3243 in mtDNA
with NIDDM. Persons with NIDDM as a result of the 3243
mutation may have no clinical neurological defects (94, 95).
The severity of the symptoms are directly related to the
percentage of mtDNA that is aberrant. Those with MELAS
have a large percentage of their tRNA with the mutation
whereas those with NIDDM (only) have a much smaller
percentage of mutated tRNA. MELAS, LHON, and MERF
also develop as a result of mutations with the structural
genes comprising the respiratory chain. Mutations in the
any of these genes result in nonfunctional or partially func­
tional respiratory activity and, as a result, ATP production is
impaired. Because the CNS depends so heavily on ATP
production, large-scale reductions in synthetic capacity will
affect this system before any other system. Other organs and
tissues that have alternative and compensatory mechanisms
available for maintaining, at least in part, a "near normal"
phosphorylation state will be less seriously compromised.
Yet even these mechanisms will fail as the person ages, and
when this failure occurs, clinical symptoms of abnormal
glucose homeostasis will be observed.

Actually, any mutation of the mitochondrial DNA
should affect the synthesis of ATP and, therefore, the supply
of cellular energy. Of interest to the current work on
mtDNA mutation and NIDDM is the discovery that muta­
tions in the mtATPase 6 and 8 genes associate with
NIDDM. To date, five mutations that associate with
NIDDM (Table III) have been reported in the genes for
ATPase 6 and 8 (89, 95-101). These two subunits along
with the 10 nuclear encoded subunits assemble to form
complex V of oxidative phosphorylation, the E]FOATPase.
This complex captures the energy generated by the respira­
tory chain as it joins two hydrogens to an oxygen to form
water. Some of the energy is released as heat whereas the
remainder is used to form ATP. ATP synthesis is crucial for

Table III. ATPase 6 Mutations in Humans and Rats that Associate with NIDDM

Position

8993
8993
8860
8894
8204
8289

Mutation

T--*G
T--*C
A--*G
G--*A
G->A
C--*T

Species

Human
Human
Human
Human
Rat
Rat

Comments

Heteroplasmic: Accounts for 0.4%-10% of NIDDM populations surveyed.
Not as common as the T->G mutation; heteroplasmic.
Similar in position to the rat mutation at 8204.
Cardiomyopathy is a major feature of this disorder.
Homoplasmic; found in BHE/cdb and CFI:CD(SD)BR rats.
Homoplasmic; found in the BHE/cdb rat.
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the synthesis of protein, especially insulin (102-104), and
the intracellular concentrations of ATP are very important
for insulin release (46-48, 62, 64, 103). Of course, ATP
synthesis is an important component in the regulation of
phosphorylation state that in itself has control properties
with respect to intermediary metabolism. Shown in Table
III are the ATPase mutations that have been found in hu­
mans and rats. Note that the human and rat ATPase 6 genes
are of different lengths. The human ATPase 6 gene has 636
bp, and the rat has 679 bp. Thus, direct species comparison
is not possible. Nonetheless, if one were to compare the
approximate locations and effects of these mutations, some
benefit could be derived. For example, the mutation at bp
8860 in the human is roughly equivalent to the mutation at
bp 8204 in the rat (100, 104). In each species the mutation
has occurred at about the same place in the gene and, while
not identical with respect to base sequence, each has the
same net effect of changing the polarity of the amino acids
coded by the base substitution and in each, this amino acid
substitution occurs in the proton channel that is so important
in the capture of the energy of the respiratory chain and its
transmittance to the high energy bond of ATP. Because of
this similarity between the two species, the BHE/Cdb rat has
become an important tool for the study of mt diabetes. An­
other rat strain, a derivation of the Sprague-Dawley strain
(CFI:CD(SD)BR) maintained by WIGA in Sulzfeld Ger­
many has the same base substitution at 8204 as the BHE/
Cdb rat (105). It is also a hyperglycemic, hyperlipemic rat,
but its metabolic characteristics have not been throughly
studied.

The BHE/Cdb Rat: A rat with mtDNA Mutation
in the ATP 6 Gene

The BHE-Cdb rat mimics the human with NIDDM
(106-108). It develops moderate hyperglycemia and im­
paired glucose tolerance as it ages as well as a number of
diabetic complications. Renal disease is the primary cause
of death. BHE/Cdb rats have an average life span of 600­
700 days if fed a stock diet (Purina Chow). The usual life
span of Wistar or Sprague-Dawley rats provided the same
diet is 1200-1400 days. If BHE/Cdb rats are fed purified
diets, they have an earlier onset of glucose intolerance, and
their life span is shortened (109-111). If the animals are fed
a purified diet with a composition similar to that consumed
by humans, the impaired glucose tolerance appears at 100
days of age, and in this setting, 100% of the animals are
intolerant (111).

Prior to the development of glucose intolerance, vari­
ous hepatic abnormalities in metabolic control were ob­
served. Among these were: a two-fold increase in hepatic de
novo fatty acid and cholesterol synthesis (112) and lipolysis
(113), a 40% increase in gluconeogenesis (114), and a
20% reduction in ATP synthesis efficiency (115). In an
experiment by Fowler and Berdanier (116), Sprague­
Dawley rats were fed a sucrose-rich diet that contained
0.02% 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), a

mild OXPHOS uncoupling agent. After 8 weeks, the rate of
hepatic fatty acid synthesis (tritium incorporation into fatty
acids) was increased two-fold in the rats treated with
DCMD. They also had body composition changes in that
those rats fed the DCMU had slightly more body lipid and
slightly less body protein. This experiment suggested that
some of the metabolic characteristics previously found in
the BHE/Cdb rats could be due to a decrease in the effi­
ciency of coupling respiration to ATP synthesis.

Feeding BHE/Cdb rats purified diets containing su­
crose as the carbohydrate source and coconut oil as the fat
source resulted in a further increase in fatty acid synthesis,
an increase in gluconeogenesis, and a further disruption in
the coupling of mitochondrial respiration (117-121). Thy­
roxin, which has been shown to increase the synthesis of a
variety of proteins in OXPHOS, was administered to "res­
cue" respiration (122-124). An increase in shuttle activity
and Mg-ATPase activity were observed, but no increase in
coupling efficiency was recorded. In fact, a deterioration in
coupling efficiency was observed (118, 119). With some
substrates, the mitochondria respired normally, but the en­
ergy generated by the respiratory chain was not fully cap­
tured in the high energy bond of ATP, implying an error in
the ATPase. The observation that the Mg-ATPase was in­
creased with thyroxin treatment showed that the FJ portion
of the ATP synthase was functioning normally and that the
FJFaATPase complex had been induced by the hormone
treatment. This ATPase is the F I working in the opposite
direction. As a result of these observations, it appeared that
the uncoupling occurred because the Fa' although increased
in amount, not fully functional. This then led us to examine
the portion of the mtDNA that codes for FaATP synthase
subunits 6 and 8.

The mitochondrial (mt) genes for the subunits ATP
synthase 6 and 8 were sequenced from BHE/Cdb and Spra­
gue-Dawley rats at 50 and 300 days of age (100). Four sin­
gle base differences were detected when comparing BHE/
Cdb to Sprague-Dawley rats. The base sequences in the
Sprague-Dawley rats were identical to those of Gadaleta
et al. (14). Three of the mutations (8083, 8140, 8251) are
probably silent as the base substitution would have no effect
on the amino acid sequence of the resultant protein. The
tRNA for the amino acids concerned would recognize both
the normal and mutant codons, and the appropriate amino
acids would be incorporated into the protein being synthe­
sized. The mutation at bp 8204, however, is not silent. At
this position the BHE/Cdb cell codes for adenine whereas
the Sprague-Dawley codes for guanine. The Sprague­
Dawley codon is recognized by the tRNA for aspartic acid
whereas the BHE/Cdb codon is recognized by the tRNA for
asparagine. This means that there is an amino acid substi­
tution in the FaATPase, and the position of this substitution
is somewhat analogous to the substitution examined by Fil­
ligame in E. coli (personal communication). The substitu­
tion we infer from this mutation in the mtDNA would re­
place aspartic acid with asparagine in a critical portion of
the F molecule.
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This portion of the molecule forms a polar pocket through
which the protons flow. This pocket spans the membrane
and is surrounded by the membrane lipid. Having a polar
amino acid instead of an acidic amino acid at this spot
results in a reduction in ATP synthesis efficiency or a slip as
defined by Brown et al. (125-127). When this occurs there
is a reduction in the capture of the energy generated by the
respiratory chain, and less ATP is produced.

Additional studies by Herrnstadt (unpublished observa­
tions) confirmed the above point mutation and have pro­
vided evidence of an additional mutation at position 8289.
This mutation occurs further along the subunit and com­
prises part of the anchor for the protein in the inner mito­
chondrial membrane. The mutation calls for the substitution
of threonine for the normal serine at this position. Such a
substitution in an amino acid loop would, at that point, tum
the loop into a pleated sheet. The sheet would then continue
and serve as a kink in the structure that would otherwise be
quite flexible or mobile within the membrane. As such, one
might surmise that the mobility of the subunit within the
membrane might be affected. Indeed, studies of the func­
tionality of the subunit within membranes varying in fluid­
ity due to diet-induced changes in the membrane fatty acids
revealed that when the membrane was more rigid, ATP
synthesis was appreciably reduced and vice versa (121).
Feeding hydrogenated coconut oil, com oil, or menhaden oil
has been shown to affect fluidity (121). Sprague-Dawley
rats, evaluated at the same time and fed the same diets did
not show such a response. Furthermore, the ability of the
mitochondria to sequester and then extrude the calcium ion
as part of OXPHOS is affected by the mutations in the
ATPase 6 gene in the BHE/Cdb rat (128, 129). Calcium
movement depends not only on the efficiency of ATP syn­
thesis (calcium extrusion is an ATP-dependent process) but
also on the degree of flexibility of the membrane-embedded
portions of the ATPase complex (130). Having a base sub­
stitution in that portion of the molecule that serves as the
membrane anchor limits the flexibility of the complex upon
which calcium and ATP extrusion depends. Exposure of
mitochondria from BHE/Cdb and Sprague-Dawley rats to
varying levels of calcium showed that the mitochondria
from BHE/Cdb rats were less able to extrude excess calcium
and thus, this calcium became toxic at lower levels in these
rats than in control rats (129).

If there is a reduction in the amount of ATP available
for cell functions that are ATP dependent, some of those cell
functions will be impaired. Insulin synthesis and release as
discussed earlier, would be affected. The process operates at
subnormal rates in NIDDM. In NIDDM-prone BHE/Cdb
rats, ATP synthesis efficiency is reduced (115,131), and so
too is normal islet function (132, 133). In studies of islet
cells in culture (133), the adaptive response to 7-day culture
in 10 mmol/l glucose was reduced in the islets from BHE/
Cdb rats. The dose response curve for glucose stimula­
tion showed a shift to the left such that the threshold was
lowered to 2.5 mmol/l. This contrasted with the results from
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islets of normal rats, which adapted to high glucose in an
expected manner, with a threshold between 5 and 7 mmol/l.

Another tissue that has a relatively high requirement for
ATP is the kidney. The kidneys use about 10% of all of the
energy needed (or produced) by the body; hence, one might
expect to observe lesions (or certainly renal malfunction) in
rats having a defect in oxidative phosphorylation. Indeed, as
noted in the initial paragraph describing these rats, renal
disease is the chief cause of death. It is suspected that the
lesion development in the renal tissue occurs simulta­
neously with the gradual decline in pancreatic islet function.
Longevity studies (109, Ill) have documented this simul­
taneous decline in function.

Lastly, just as mitochondrial mutations that associate
with NIDDM in the human are maternally inherited, so too
does this occur in the BHE/Cdb rat (104, 131). Two gen­
erational studies as well as the breeding records show this
inheritance pattern. BHE/Cdb rats crossed with Sprague­
Dawley rats yield F j hybrids that have the same glucose
tolerance (or intolerance) and ATP production efficiency (or
inefficiency) as their mothers (131). Those rats that have the
BHE/Cdb maternal trait had impaired glucose tolerance and
impaired mitochondrial ATP production whereas those pos­
sessing the Sprague-Dawley maternal trait did not.

How can we connect a rather minor mtDNA mutation
with an initial and subtle reduction in ATP synthesis to
age-related impairment in glucose tolerance and renal func­
tion'? Here is a very minor gene deficit, yet, over time, this
defect has major consequences. One could accept this minor
defect as the cause of the age-related problems if one real­
izes and appreciates the degree to which the living body can
accommodate and compensate for such a minor problem
given a stress-free, pathogen-free environment. In the in­
stance of the BHE/Cdb rat, we have discovered that one of
the compensations that occurs is an increase in mitochon­
drial ATP production via the adenylate kinase reaction (129,
131). However, with age this compensatory mechanism
doubtless begins to fail (115), and decompensation begins.
We have also discovered that nutrient stress as in the use of
sugar-rich, fat-rich diets also hastens decompensation and
shortens the time frame for NIDDM development. The fat­
rich diets might provide an additional stress by furnishing
sources of DNA-damaging free radicals (111). What mecha­
nism could explain all of these interrelated observations? In
Figure 2 we propose a cascade of events that, over time,
could result in NIDDM and renal dysfunction. We base this
proposal on the work conducted to date on this rat strain and
suggest that perhaps a similar sequence might occur in the
untreated, undiagnosed human. The cascade begins with a
minor reduction in ATP synthesis efficiency and over time
develops such that major compromises in intermediary me­
tabolism can be observed, which in tum serve to magnify
the consequences of the genetic defect. Compromised renal
function has been noted in the BHE/Cdb rat as have distur­
bances in intermediary metabolism and changes with age in
pancreatic islet function.
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Figure 2. Proposed scheme whereby a small error can ultimately have large consequences over a lifetime.

Conclusion

This review focused on NIDDM as a phenotype for
specific mitochondrial genotypes. Both humans and rats
that mimic humans with NIDDM in the absence of obesity
and other nuclear DNA mutations were described. The ex­
plosion of literature that has presented a bewildering array
of clinical features attributable to mtDNA point mutations,
deletions, additions, and rearrangements can confuse the
reader. Schon et al. in a recent review (134) divided these
features into those that are mitochondrion-selective and
those that are not. Mitochondrial dysfunction influences a
number of postmitotic cell types that have high oxygen and
energy requirements. Included are the endocrine organs,
nerve, muscle, eye, and kidney. Tissues such as the liver,
while dependent on normal OXPHOS function, are able to
circumvent (to some extent) the problem created by the
mutation. Thus, major defects in mtDNA are manifested in
high oxygen-energy dependent tissues whereas minor de­
fects (or a low percentage of defective DNA) will show up
as deviations in metabolic control mechanisms in low oxy­
gen-energy dependent tissues. Such has been described in
the BHE/Cdb rat. CNS function is adequate in these rats
despite the base substitutions in the ATPase 6 gene that
affect F IFaATPase function. On the other hand, renal, he­
patic, and islet function becomes abnormal with age. These
animals are homoplasmic in their ATPase 6 mutations. Hu­
mans seldom are homoplasmic with respect to mtDNA mu­
tations that associate with NIDDM and NIDDM alone.
Whereas the BHE/Cdb rat has been studied extensively, its
usefulness as a tool to develop appropriate pharmaceuticals
and nutriceuticals for the treatment of mt diabetes in hu­
mans has not been explored. With such a mutant animal in

hand, numerous experiments can be designed to test numer­
ous hypothesis about the roles of age, diet, and drugs in the
pathophysiology of NIDDM.

Future work will no doubt include such explorations in
addition to work designed to elucidate the mechanisms in­
volved in the development of the associated renal and car­
diovascular pathology. These areas have been barely
touched. Through the study of these rats, we may gain im­
portant insights into the pathophysiology of mitochondrial
diabetes mellitus and its treatment in the human.
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