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Summary Mutations in the mitochondrial gene were 
recently identified in a large pedigree of diabetes mel- 
litus and deafness. As the mitochondrial gene is mater- 
nally inherited, Japanese diabetic patients whose mo- 
thers were also diabetic were screened, using periphe- 
ral leucocytes, for an A to G transition at nucleotide 
pair 3243 of the mitochondrial gene, a tRNA Leu(UURI 
mutation. This mutation was identified in four pedi- 
grees from among 300 unrelated patients who were 
screened. Diabetes co-segregated with the mutation, 
except in one young subject, and was maternally in- 
herited. The apparent onset of disease occurred be- 
tween 11 and 68 years of age. Some of the affected 
members developed hearing impairment and conges- 
tive heart failure due to cardiomyopathy, though 
generally long after the onset of diabetes, and these 
patients had therefore not been diagnosed as having a 
specific form of diabetes. The duration of sulphonyl- 
urea treatment was not more than 8 years in these 
pedigrees and affected members were prone to pro- 

gression to insulin-requiting diabetes. Thus, these pa- 
tients were secondary sulphonylurea failures. Long- 
term follow-up revealed that the underlying disorder 
in affected members is a progressive impairment of in- 
sulin secretion. Some were initially diagnosed as hav- 
ing IDDM based on an apparent acute onset in youth 
and the clinical severity of their diabetes. Others were 
regarded as having MODY with an aggressive course. 
The mitochondrial gene mutation or diabetes is not 
transmitted to all offspring of the affected mothers. In 
conclusion, a mitochondrial tRNA L~"(t:uR) gene muta- 
tion accounts for slightly more than 1% of diabetic pa- 
tients with maternally inherited disease and manifests 
a wide range of diabetic phenotypes, from the 
NIDDM phenotype to IDDM, in Japanese. [Diabeto- 
logia (1994) 37: 504-510] 

Key words Insulin secretion impairment, secondary 
sulphonylurea failure, mitochondria, maternal inheri- 
tance. 

Recently a large deletion in mitochondrial DNA was 
reported in a pedigree with maternally transmitted 
diabetes mellitus and sensorineural deafness [1]. Sub- 
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sequently, an A to G transition at nucleotide pair (np) 
3243, a conserved position in the mitochondrial gene 
for tRNA I~u(tJuR), was reported in a pedigree with 
NIDDM and deafness [2, 3]. Since mitochondrial oxi- 
dative phosphorylation plays an important role in glu- 
cose-induced insulin secretion in pancreatic beta cells 
[4], we screened 300 diabetic patients with diabetic mo- 
thers for the mitochondrial gene mutation at np 3243 
whether or not hearing impairment or symptoms of mi- 
tochondrial encephalomyopathy were present. This 
gene mutation was identified in four pedigrees and the 
clinical phenotypes of affected members are presented. 
This subset of diabetes is not particularly rare and 
therefore more attention is warranted. 
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Subjects and methods 

Patients 

Three hundred unrelated diabetic patients were selected from 
those seen in our out-patient diabetes clinics. The only criterion 
for selection was that their mother also had diabetes based on pa- 
tient interview. Other information such as type of diabetes, age, 
sex, the mode of treatment, and the presence of hearing impair- 
ment or symptoms suggesting mitochondrial encephalo- 
myopathy were not considered. The study subjects consisted of 
164 men (age 49.3 + 10.5) and 136 women (age 47.7 + 16.8), of 
whom 31 (10.3 %) also had fathers with diabetes based on pa- 
tient interview. Children are not usually followed at the clinics 
participating in this study. Furthermore, the incidence of IDDM 
is much lower in Japan than in Western countries. Consequently, 
the patients studied were all over age 20 and only six had been 
clinically diagnosed as having IDDM at the onset based on the 
criteria of the National Diabetes Data Group [5]. 
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DNA studies 

Mitochondrial DNA (mtDNA) was isolated from the peripheral 
leucocytes of patients and a mtDNA fragment surrounding the 

Lcu(UUR) tRNA mutation site was amplified by polymerase chain 
reaction using sense primer 5'-AAGGTrCGTVFGTrCAAC- 
GA (np 3029-3048) and antisense primer 5'-AGC- 
GAAGGGTrGTAGTAGCC (np 3456-3437) as previously re- 
ported [2]. The reaction conditions were: initial denaturation for 
3 min at 94'C then 30 cycles of denaturation at 94 ~ for 1 min, 
annealing at 60~ for 1 min, and extension at 72"C for 1 min, 
with a final extension at 72 ~ for 3 min. These fragments were di- 
gested with restriction endonuclease ApaI, and subjected to aga- 
rose gel electrophoresis, followed by Southern blotting using 
polymerase chain reaction-amplified 214bp fragments (np 
3029-3242) as a hybridization probe. When ApaI digestion sug- 
gested the presence of the mutation [6], mtDNA fragments were 
subcloned into a plasmid vector using a TA cloning kit (Invi- 
trogen, San Diego, Calif., USA) and were sequenced with ABI 
DNA sequencer. The presence of this mitochondrial gene muta- 
tion was studied in family members who were available for study. 

Statistical analysis 

Data are given as mean _+ SD. 

Results 

An A to G transition at np 3243 in the mitochondrial  
gene was identified (Fig. 1) in four of the 300 unrelated 
patients screened. The presence of diabetes and symp- 
toms of hearing impairment were then ascertained in 
available family members.  The family pedigrees 
showed maternal  inheritance of diabetes and/or hear- 
ing impairment  over two or three generations (Table 1 
and Fig. 2). We found this mitochondrial  gene muta- 
tion in 6, 4, 2, and 2 patients in pedigree A, B, C, and D, 
respectively (Fig. 2). All diabetic patients in the af- 
fected pedigrees were heteroplasmic for this mitochon- 
drial gene mutation,  which created a recognition site 

Fig.1 A,B. mtDNA sequence surroundingthe mutated siteinmi- 
tochondrial tRNA L~"~UUR). A, normal mitochondrial gene in sub- 
ject AIII-3; B, mutated mitochondrial gene in the same subject 

for restriction endonuclease ApaI  [6] (inset, in Fig. 2). 
Subject AIII-1, the son of an affected male, exhibited 
normal glucose tolerance and no mitochondrial  tRNA-  
L~u(UUR) mutat ion was observed at np 3243. 

Some of the clinical features of affected members  
are shown in Table 1. The apparent  age of onset of 
diabetes ranged from 11 to 68 years and t rea tment  also 
encompassed a wide range of modalities from diet only 
to insulin therapy. Thus, the clinical phenotypes of 
diabetic patients with the mitochondrial  gene mutat ion 
appear to be very heterogeneous.  However, several 
common clinical characteristics are noted among the 
diabetic patients in these pedigrees. First, al though 11 
of the 18 diabetic patients in these four pedigrees were 
or currently are treated with sulphonylurea,  t rea tment  
has not lasted for more than 8 years. Secondly, the 
onset of diabetes appeared to be rather acute in most 



506 

Table 1. Clinical characteristics of the affected subjects 
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Subject Age Age at onset Treatment  ~ Hearing ~ Symptoms C-peptide 
(years) (years) impairment  at onset immunoreact ivi ty  

AII-1 65 a 53 OHA(4) -  > Insulin - + 
AII-2 5P  47 OHA(2) -  > Insulin + 50 + 
AII-3 67 61 O H A  - + 
AII-6 62 62 Diet  - - 
AII-7 54 40 OHA(8) -  > Insulin - + 1.4 ng/ml ~ 
AIII-2  43 41 O H A  - + 
AIII-3  32 20 OHA(6) -  > Insulin + 29 + 1.9 ng/ml ~ 
AIII-4  27" 12 Insulin + 23 + 
A l l  I-9 20 11 Insulin - + 1.3 ng/ml d 

BI-1 73' 66 Diet  + 69 - ( + ?) 
BII-1 51 39 Insulin + 44 + 
BII-2 40 36 Insulin(2 M)- > O H A  - + 
BII-3 38 37 O H A  - + 
BIII-1 22 19 Insulin(1 M)- > O H A  - + 4.5 ng/ml ~ 

CII-1 56 36 OHA(4) -  > Insulin + 45 + 3.5 ng/ml ~ 
CIII-2 30 24 OHA(3) -  > Insulin + 24 + 47 p.g/day f 

DI-1 79" 68 Diet  + 70 - 
DII-3 44 30 Insulin- > off- > Insulin - + 9.8 • 5.3 

(n = 6) ~tg/day f 

a Subject deceased. 
bNumber  in parentheses is duration of the t reatment  (year or  
month(M)).  
c Age at the onset of the symptom of hearing impairment  is given. 
dPlasma C-peptide immunoreactivi ty value 30 min after break- 
fast; 

plasma C-peptide immunoreact ivi ty value 6 min after intrave- 
nous injection of 1 mg glucagon; 
f urinary excretion of C pept ide immunoreact ivi ty  value. 
O H A ,  Oral  hypoglycaemic agents 

F ig .2A-D.  Four family 
pedigrees. Roman and 
Arabic numerals indicate 
generation and identifica- 
tion numbers, respectively. 
Crossed symbols indicate 
deceased subjects. The 
arrow indicates the prob- 
and in each pedigree. ( + ) 
and (-) indicate the pa- 
tients with and without the 
mitochondrial gene muta- 
tion at np 3243, respective- 
ly. An mtDNA fragment 
(from nucleotide 3,029 to 
3,456) surrounding the 
tRNA L~ucUUa~ mutation site 
(np 3243) was digested with 
ApaI, which cleaved the 
fragment derived from the 
mutant but not from the 
wild-type as shown in the 
inset 

patients; the majority (15 of 18) of diabetic patients had 
classic symptoms of diabetes such as thirst and weight 
loss at the time of diagnosis (Table 1). These clinical 
features are not common in Japanese NIDDM pa- 
tients, many of whom are diagnosed incidentally on 
routine examinations, have none of the classic symp- 
toms and whose disease is well controlled with sulpho- 
nylurea for many years. 

Subject AIII-3 is an example of such a patient. The 
clinical course and results of an OGTT are shown in 
Table 2. She had symptoms of thirst and polydipsia for 
3 weeks at age 20 years and was diagnosed as having 
diabetes with a fasting blood glucose level of 
12.7 mmol/1, which was measured after 2 weeks of diet 
therapy. The plasma insulin concentration 30 rain after 
a 100-g oral glucose load was 28 mUll and the peak 
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Table 2. Insulin secretion response in OGT1 ~ in the affected subjects 
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Age Time (min) 
(years) 0 30 60 90 120 180 

Glucose load Treatment 

Sub]ect A HI-3 
20 Blood glucose 9.0 19.8 18.3 18.8 20.1 

IRI 11 28 39 39 48 
CPR 2.0 3.1 4.1 4.4 6.2 

21 Blood glucose 7.0 12.6 14.3 14.0 13.3 
IRI 22 58 82 79 87 

22 Blood glucose 7.8 11.5 14.9 15.1 14.3 
IRI 9 15 34 32 41 

23 Blood glucose 5.4 10.7 12.1 10.4 10.2 
IRI 9 13 26 25 23 

24 Blood glucose 8.9 12.3 15.7 16.1 15.8 
IRI 7 12 25 23 26 

25 Blood glucose 11.0 15.0 18.9 20.6 21.7 
IRI 6 10 14 18 18 

Subject A HI-4 
15 Blood glucose 9.8 15.5 21.7 23.1 23.8 

CPR 1.7 1.6 3.0 3.0 3.1 

Subject All-1 
59 Blood glucose 10.5 17.0 21.3 24.7 27.3 

CPR 1.1 1.7 2.4 2.7 3.2 

Sub]ect All-6 
50 Blood glucose 5.1 11.3 11.8 9.8 8.6 

IRI 14 61 118 113 56 

62 Blood glucose 7.0 12.3 15.7 13.8 13.6 
IRI 12 23 38 38 49 

Subject AII-7 
43 Blood glucose 9.0 12.2 16.6 18.2 19.9 

IRI 8 6 23 16 22 

17.4 
39 
5.5 

11.6 
62 

9.8 
21 

9.7 
3O 

12.5 
25 

20.3 
22 

22.7 
3.2 

25.8 
3.7 

5.8 
17 

8.8 
3O 

20.0 
28 

100g 

100g 

100g 

100g 

100g 

100g 

100g 

100g 

100g 

75 g 

100g 

Diet 

Glibenclamide 
(1.25 mg) 

Glibenclamide 
(1.25 mg) 

Glibenclamide 
(2.5 mg) 

Glibenclamide 
(5.0 mg) 

Glibenclamide 
(7.5 mg) 

Insulin 

Insulin 

(Diet) 

(Diet) 

Glibenclamide 
(5.0 mg) 

Blood glucose values are given in mmol/1; 
IRI, immunoreactive insulin, in mU/l; CPR, C-peptide immunoreactivity, in ng/ml 

values of her plasma insulin and C-peptide levels were 
48 mU/1 and 6.2 ng/ml, respectively, 2 h after the load. 
Thus, although her insulin secretion response to a glu- 
cose load was slow, her pancreatic beta cells did have 
the capacity to secrete a considerable amount of in- 
sulin. Her fasting blood glucose concentration de- 
creased to 5.6 mmol/1 with 1.25 mg/day of glibencla- 
mide. However, her fasting blood glucose concentra- 
tions gradually increased over the next 5 years despite 
the dose of glibenclamide being increased to 
7.5 mg/day. Concomitantly, her insulin secretion capac- 
ity was decreased as evidenced by a peak plasma insulin 
value of only 22 mU/1 after a glucose load (Table 2). 
One year later she started insulin injections. Currently 
(6 years after the start of insulin therapy) she is treated 
with 32 IU/day of insulin and an intravenous injection 
of 1 mg glucagon increased her plasma C-peptide con- 
centration from 0.8 to 1.9 ng/ml, indicating that the ca- 
pacity of her pancreatic beta cells to secrete insulin is 
not completely abolished at present. 

We also had the opportunity to observe progressive 
insulin secretion impairment, though in much milder 

form, in subject AII-6 who was diagnosed as having im- 
paired glucose tolerance 12 years ago prior to this study 
and had recently been diagnosed as having asympto- 
matic N I D D M  (Table 2). The results of the OGTT re- 
veal that her glucose-induced insulin secretion had de- 
creased over the previous 12 years with concomitant 
development of diabetes consistent with World Health 
Organization criteria [7]. 

Two subjects from the affected pedigrees were clini- 
cally diagnosed with IDDM based on an apparent ab- 
rupt onset at an early age and disease severity including 
ketonuria and immediate requirement of insulin treat- 
ment; subjects AIII-4 and AIII-9 had acute onsets with 
symptoms of thirst and polydipsia and weight loss ex- 
ceeding 4 kg in 1 month at ages 12 and 11 years, respec- 
tively. Nine years after onset, the postprandial plasma 
C-peptide level 30 min after breakfast was 1.3 ng/ml in 
subject AIII-9, indicating that some pancreatic beta 
cell function was preserved. After a 100-g OGTT, the 
peak C-peptide value was 3.2 ng/ml in subject AIII-4 
3 years after onset (Table 2). He experienced a ketoaci- 
dotic coma episode at age 18years. None of the 
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diabetic patients in these pedigrees showed instability 
of blood glucose concentrations. 

The mutation in the mitochondrial gene is not al- 
ways inherited by the offspring. A mitochondrial gene 
mutation at np 3243 was not detected by Southern blot- 
ting of ApaI-digested fragments in several offspring 
(subjects AII-4, CIII-1, DII-1 and DII-2) of the af- 
fected mothers. Furthermore, the amplified mtDNA 
fragments were subcloned into the plasmid vector in 
each of these subjects and 30 independent clones from 
each subject were sequenced. The mutation at np 3243 
was not observed in any of these clones, indicating that 
this mitochondrial gene mutation was barely present, if 
at all. These subjects showed normal fasting blood glu- 
cose and glycated haemoglobin levels and two (CIII-1 
and DII-1) were confirmed as having normal glucose 
tolerance with normal insulin secretion responses on 
OGTI'. Interestingly, despite the mitochondrial gene 
mutation being present in leucocytes, subject DIII-1, at 
19 years of age, has normal glucose tolerance based on 
normal fasting blood glucose (4.7 mmol/1) and normal 
HbA1 c (4.6 %) levels, although normal glucose toler- 
ance was not confirmed by OGTr. 

None of the members of these pedigrees had clinical 
symptoms characteristic of mitochondrial encephalo- 
myopathy except for hearing impairment which gener- 
ally developed long after the onset of diabetes. No signs 
of retinitis pigmentosa were found in these patients. 
Two (AII-7 and DII-3) subsequently developed con- 
gestive heart failure, probably due to cardiomyopathy 
based on electrocardiographic and echocardiographic 
findings and history, after the mitochondrial gene mu- 
tation had been identified. Cardiac muscle biopsy was 
performed in DII-3 and the mitochondrial gene muta- 
tion was identified at np 3243 in the biopsy sample. 

Discussion 

The np 3243 mutation alters the dihydrouridine loop in 
tRNA Lcu(uUg), leading to impairment of mitochondrial 
transcription termination, which may cause defects in 
mitochondrial protein synthesis [8]. It has been shown 
that inhibition of mitochondrial oxidative phosphoryla- 
tion in pancreatic islets impairs insulin secretion [9] and 
a decrease in mit ochondrial gene expression was associ- 
ated with insulin deficiency in neonatally streptozo- 
tocin-treated rats [10]. Thus, it is very likely that mito- 
chondrial gene defects decrease oxidative phosphoryla- 
tion capacity in pancreatic beta cells, and impair glucose- 
induced insulin secretion in affected subjects. However, 
it is still not clear whether this is the sole mechanism of 
diabetes development in these patients, since sulpho- 
nylurea treatment would be able to ameliorate the de- 
fects, assuming that sulphonylurea acts on ATP-sensi- 
tive potassium channels in pancreatic beta cells [11]. 

The clinical phenotype of diabetic patients in the 
pedigree with a 10.4 kilobase mtDNA deletion tends to 
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resemble that of IDDM [1], while all previously re- 
ported diabetic patients with the tRNA I~u(uUR) muta- 
tion had NIDDM and no history of ketoacidosis or 
ketonuria [2, 3]. This suggests that different changes in 
the mitochondrial genome result in different diabetic 
phenotypes [2]. However, the diabetic patients in our 
pedigree A were clinically diagnosed as having either 
NIDDM or IDDM. Diabetic ketoacidotic coma has 
been experienced by some affected subjects in other 
pedigrees, subjects BII-1 and DII-3. Thus, patients with 
the np 3243 mutation in their mitochondrial gene may 
develop various phenotypes of diabetes. 

Some affected members, AIII-4 and AIII-9, had 
been diagnosed as having IDDM at the onset, because 
of the apparent abrupt onset in youth and the severity 
of the disease. However, the clinical course of the dis- 
ease after onset appears to be slightly different from 
that observed in typical acute-onset patients whose 
IDDM is due to an autoimmune process. Some insulin 
secretion capacity persisted many years after onset in 
these patients with the mitochondrial gene mutation in 
contrast to the "total diabetes" often observed in 
IDDM caused by an autoimmune destructive process. 
It should be noted that minimal preservation of insulin 
secretion capacity is observed in slowly progressive 
IDDM patients, some of whom were recently shown to 
have the mitochondrial gene mutation at np 3243 [12]. 

Almost all diabetic patients in the previous reports 
also had hearing loss [1-3], whereas in our four pedi- 
grees only some had hearing impairment. In addition, 
hearing loss generally developed long after the onset of 
diabetes in these patients. These results are based 
mainly on the symptoms of patients, and thus, the pre- 
valence of hearing impairment may actually be higher 
in our pedigrees. Nevertheless, this feature is very im- 
portant on clinical grounds, since it is impossible to rec- 
ognize these diabetic patients as having a specific form 
of diabetes at the onset of disease or even during many 
years of follow-up. 

The most interesting clinical feature is progressive 
insulin secretion impairment, as clearly demonstrated 
in subject AIII-3. Sulphonylurea treatment did not per- 
sist for more than 8 years in patients in these pedigrees. 
In other words, these patients are prone to progression 
to the insulin-requiring state; secondary sulphonylurea 
failure. It has been reported that islet cell antibody- 
positive patients more frequently develop secondary 
drug failure [13, 14]. Our results indicate that the mito- 
chondrial gene mutation is also predictive. It is possible 
that glucose-toxicity and/or insulin resistance are re- 
lated to development of diabetes in patients in these 
pedigrees. However, according to the serial data of 
OGTr  in subject AIII-3, the insulin secretion did not 
improve even when glucose intolerance was improved 
at age 23 years with an increase in the dose of glibencla- 
mide without an apparent change in body weight 
(45 kg). Thus, it is unlikely that glucose-toxicity is 
mainly responsible for the impairment of insulin secre- 
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tion. It was noted that rather high plasma immunoreac- 
tive insulin levels were observed in subject AII-6 at the 
beginning of the disease, although our assay for insulin 
had cross-reactivity with proinsulin. A possible rela- 
tionship between insulin resistance and the defect in 
mitochondrial function should be further investigated, 
since the mutated mtDNA is likely to be present in 
muscle and fat tissues. 

The gradual decrease in insulin secretion capacity 
might be due to a gradual increase in the percentage of 
mutated mtDNA in pancreatic beta cells, since a 
marked replicative advantage of mtDNA with np 3243 
mutation was recently reported [15]. In addition, it has 
been shown that oxidative phosphorylation capacity 
declines with age in tissues such as skeletal muscle [16], 
which might reflect the accumulation of damaged 
mtDNAs. Thus, it is also possible that patients with the 
inherited mtDNA mutation start with a lower oxida- 
tive phosphorylation capacity and drop below the 
expression thresholds much earlier than do normal 
subjects [17]. It is likely that subjects AIII-4 and AIII-9 
had very high percentages of mutant mtDNA in pan- 
creatic beta cells, resulting in the onset of diabetes in 
youth, and that mitochondrial dysfunction in pancre- 
atic beta cells may not have reached the threshold in 
subject DIII-1. 

Another  interesting point is that some of the pedi- 
grees were regarded as having MODY. Although Tat- 
tersall and Fajans [18] described the inheritance of 
MODY as being autosomal dominant, only X-linked 
inheritance was ruled out, and involvement of the mito- 
chondrial gene was not considered. Furthermore, auto- 
somal dominant or maternal inheritance is hardly dis- 
tinguished in small pedigrees. Subjects AIII-4 and 
BIII-1 are such MODY patients. MODY was originally 
described as being distinguishable from classical 
juvenile-onset diabetes, since patients from a MODY 
family exhibited a less aggressive clinical course [18]. 
However, subject AII-1 had severe diabetic nephro- 
pathy which required haemodialysis, and BII-1 is blind 
due to proliferative retinopathy and currently is on 
haemodialysis. These clinical features differ sharply 
from those with a glucokinase gene mutation recently 
identified in MODY pedigrees [19] and by screening of 
late-onset NIDDM patients [20], who can, in most 
cases, be managed with life-long dietary treatment and 
show minimal disease progression [21]. 

It should be stated that mutant mtDNA in the 
mother is not always inherited by the offspring. On the 
other hand, among the affected subjects, successive 
generations appear to develop diabetes at earlier age. 
It has been reported that the mitochondrial gene with 
the np 3243 mutation was selectively amplified through 
generations [22]. Analysis of mtDNA in Holstein cows 
showed that rapid segregation of populations of 
mtDNA may occur [23] and that polymorphic mtDNA 
may partition unequally among siblings [24]. Segrega- 
tion to homoplasmic genotypes of bovine mtDNA 
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could occur within two or three generations [25]. Thus, 
it was suggested thai there must be a "bottleneck" 
where a few of the mtDNAs in every oocyte are se- 
lected to populate the organism and are transmitted to 
the progeny [23, 24], which yields the progeny with dif- 
ferent levels of heteroplasmy and, in some instances, 
the progeny without the mutation. 

In relation to this apparent inconsistent mode of in- 
heritance of mitochondrial gene mutation, pedigree D 
should be kept in mind. This type of diabetic pedigree 
is often observed but attracts little attention with re- 
spect to the search for genetic causes of NIDDM. Our 
screening for mitochondrial gene mutations in 
diabetic patients whose mothers were also diabetic re- 
vealed four pedigrees, including this "ordinary" pedi- 
gree, among 300 unrelated patients. Thus, diabetes 
due to a mitochondrial gene mutation is not particu- 
larly rare and therefore merits more attention. This 
subset of diabetes, termed "mitochondrial diabetes", 
is characterized by maternal inheritance, progressive 
impairment of insulin secretion leading to the insulin- 
requiring state, and clinical picture of essentially 
NIDDM, though manifestation of IDDM at the onset 
is possible. 
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