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Background: Mitochondrial mutations have been shown to be responsible for syndromic and nonsyndromic
hearing impairment. Aim: To assess the genotypic–phenotypic correlation of mitochondrial DNA mutations in
three generations of a single family. Methods: A single family with maternally inherited diabetes and hearing loss
was recruited. Genomic DNA was subject to polymerase chain reaction–restriction fragment length polymor-
phism analysis (ApaI) for A3243G mutation detection and confirmation with direct DNA sequencing. The degree
of heteroplasmy for the A3243G mutation in blood DNA samples was quantified. In addition, we reviewed
audiological data of A3243G-associated hearing loss cases from the literature to provide details of audiologic
features. Results: Six of 11 family members were recruited. All affected members harbored the A3243G mutation.
Four of six members had diabetes. Five of five affected members demonstrated hearing loss ranging from mild to
severe. The degree of heteroplasmy ranged from 5.51% to 27.74%. Conclusions: Patients with a greater percentage
of heteroplasmy have a trend toward more severe phenotypic presentations. Hearing loss is bilateral, sensori-
neural, and symmetric. The main audiogram shapes found were sloping. Additional studies are necessary to
clarify the relationship between degree of heteroplasmy and phenotypic presentation.

Introduction

It is estimated that up to 20% of all postlingual hearing
loss may be due to mitochondrial DNA (mtDNA) muta-

tions (Estivill et al., 1998). Mitochondrial diseases are multi-
system disorders with a wide spectrum of severity (Xing et al.,
2007). The onset and severity of hearing loss, as well as other
symptoms, vary greatly among patients with mitochondrial
diseases and may manifest as syndromic or nonsyndromic
forms, as seen in aminoglycoside-induced hearing loss (Gold
and Rapin, 1994; Hutchin and Cortopassi, 2000; Guan, 2004;
Hsu et al., 2005; Liu et al., 2008). Even in the same family,
patients may have completely different levels of hearing loss
(Harrison et al., 1997).

Mitochondrial myopathy, encephalopathy, lactic acidosis,
and stroke-like episodes (MELAS) is one of a handful of
syndromic illnesses associated with hereditary hearing loss
and mtDNA mutations (Hutchin and Cortopassi, 2000;
Hirano and Pavlakis, 1994). More than 80% of patients with
MELAS carry the A3243G mutation in the mitochondrial
tRNAleu(UUR) gene (Goto et al., 1992). Hearing loss has been
implicated in up to 75% of the cases and deafness as a clinical
feature in 44% in a meta-analysis by Chinnery et al. (1997,
2000a). As with other mitochondrial diseases, while some

patients with MELAS syndrome present asymptomatically,
others may suffer severe central neurological complications
(Hutchin and Cortopassi, 2000). To understand this variabil-
ity, researchers have attempted to determine the relationship
between genotype and phenotype using different methods.

Population-based studies performed in northeast England
(Chinnery et al., 2000b) and in Finland (Majamaa et al., 1998)
have shown that the mutation carrier frequencies of the
A3243G mutation is estimated at 1.4 and 16.3 per 100,000
people, respectively. These incidence rates were obtained from
patients referred for molecular diagnosis to catchment areas
where population census data could be established. However,
a study by Manwaring et al. (2007) reported a higher rate.
Analyzing a large cohort of individuals within a defined urban
area within the Australian population, the prevalence of the
A3243G mutation has been determined at 236/100,000. This
suggests that individuals with the 3243A > G mtDNA muta-
tion could be markedly under-recognized. The frequency of
the A3243G mutation was 0.5% and 1.7% in the United
Kingdom and Japanese patients with nonsyndromic hearing
loss (NSHL), respectively (Hutchin et al., 2001; Nagata et al.,
2001). Only 0.1% of Iranian NSHL patients harbored the
3243A > G mutation (Montazer Zohour et al., 2012). In-
dividuals with mtDNA point mutations carry both mutant
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and wild-type mtDNA within each cell, a condition called
heteroplasmy. We studied a single family of European origin
with maternally inherited diabetes and hearing loss, living in
an urban area of Florida. We present clinical and audiologic
data of this three-generation family associated with the
A3243G mtDNA mutation to further evaluate the relation-
ship between the genotype and phenotype using peripheral
blood cell heteroplasmy levels. We reviewed audiological
data of 32 cases with the A3243G mutation from the literature
to better understand the audiologic profile of this disease
process.

Materials and Methods

Subjects

All subjects participating in the study were recruited from
the University of Miami Ear Institute following institutional
review board approval. Written informed consent for re-
search participation was obtained from all participants and
from parents of patients younger than 18 years.

A three-generation patient cohort consisting of 11 patients
with a maternal transmission pattern of hearing loss was re-
cruited. Seven of 11 family members show evidence of hearing
loss and/or diabetes. Blood samples were collected from six
members. Nine members of this pedigree were interviewed at
length to identify both personal or family medical histories,
and other clinical abnormalities. The clinical history and
physical examination of family members was performed by
the senior investigator with special emphasis on identifying
potential environmental causes of hearing loss such as infec-
tion, trauma, noise, or exposure to ototoxic drugs, including
aminoglycosides. Audiometric measurements of hearing loss
were obtained. Air conduction thresholds were measured at
250 Hz, 500 Hz, 1 kHz, 2 kHz, 4 kHz, 6 kHz, and 8 kHz. Bone
conduction thresholds were determined to ascertain whether
there was any evidence for a conductive component in patients
with hearing loss. The audiological profiles from the present
study were supplemented by data from the literature. These
subjects were ascertained from a variety of sources.

Mutational analysis

Genomic DNA was extracted from peripheral blood using a
standard extraction method. The mtDNA A3243G mutation
was determined by polymerase chain reaction–restriction
fragment length polymorphism (PCR-RFLP) analysis. Primers
were designed to amplify the 3243 region of the mtDNA gene
with primers: 5¢-GCC TTC CCC CGT AAA TGA TA-3¢ (for-
ward primer) and 5¢-AGG TTG GCC ATG GGT ATG T-3¢
(reverse primer) by using standard PCR conditions. Digestion
of PCR product was subsequently carried out using the ap-
propriate buffers and ApaI restriction enzyme. Equal amounts
of digested samples were then analyzed by electrophoresis
through 7% polyacrylamide gels. The proportions of digested
and undigested PCR product were determined using the Im-
ageJ program (U.S. National Institutes of Health, Bethesda,
MD) after silver staining to determine the level of heteroplasmy
for the mitochondrial A3243G mutation in these subjects.

DNA sequencing

Bi-directional sequencing was carried out using genomic
DNA extracted from subjects with the A3243G mutation (re-

sults from PCR-RFLP analysis), and was performed using the
ABI PRISM Big Dye Terminator Sequencing kit (Applied
Biosystems, Carlsbad, CA) on a 3100 ABI DNA-sequencer
(Applied Biosystems).

Results

Clinical features

There were a total of 11 subjects (5 women and 6 men)
identified. Nine of them were interviewed, and blood samples
were collected from six members. The individuals ranged in
age from 14 to 55 years with a mean of 32 years. Un-
fortunately, the matriarch of the family was deceased and
history of diabetes was obtained from familial interviews. No
genetic testing was performed on the matriarch. The first
progeny found harboring the A3243G mutation were four
sisters. The next progeny included four men and two women
representing the offspring of the previous affected generation
(Fig. 1). Clinical features of the subjects are summarized in
Table 1. Relevant associated illnesses are listed, including
malignant brain tumor, stroke, and Crohn’s disease requiring
liver transplant.

Genetic testing

Genomic DNA was extracted from peripheral blood.
Polymerase chain reaction amplification of the mtDNA por-
tion coding for tRNAleu(UUR) was performed. The amplified
161-bp fragment was digested with ApaI. Digested products
were analyzed on a 7% polyacrylamide gel. Since the A3243G
mutation created an ApaI site, the restriction enzyme cleaves
the amplicon into 87- and 74-bp fragments only when the
A3243G mutation is present (Fig. 2; lanes 3 to 7). Direct DNA
sequence analysis confirmed the presence of the A3243G
mutation (data not shown). Quantification from the propor-
tion of digested and undigested PCR product revealed that
heteroplasmy levels ranged from 0% to 27.74% in our study
group (Fig. 2 and Table 1). Older patients tended to have
lower levels of heteroplasmy in peripheral blood. Patient
386101 had 0% heteroplasmy and no clinically significant
hearing loss or other illnesses. Patient 386102 (age 55) had
5.51% heteroplasmy and presented with a malignant brain
tumor. The patients with 14.33% (386104) and 10.70%

FIG. 1. Three-generation pedigree of a single family af-
fected with the A3243G mitochondrial DNA (mtDNA) mu-
tation. The affected individuals are represented by filled
symbols. The proband (386201) is indicated by an arrow. No
data were available for individual 386–203.
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(386105) heteroplasmy did not present with any associated
illnesses other than hearing loss. However, patients with
heteroplasmy levels greater than 20% had incidental history
of stroke or Crohn’s disease requiring liver transplant (386201
and 386202, respectively).

Audiometry

Hearing loss was noted in five out of nine interviewed
patients (Fig. 3 and Table 1). All affected patients were noted
to be aged 20 or older. Two patients reported hearing loss
onset in approximately the mid-third decade of life. The re-
maining three patients with hearing loss did not recall the
age at onset. The severity of hearing loss ranged from mild to
severe with no clear correlation with age. However, older
patients tended to have more severe hearing loss. The au-
diogram results display a symmetrical and gently sloping
pattern with more severe loss in higher frequencies. One
patient (386202) had a mild hearing loss only at high fre-
quency levels. All patients with diabetes had some level of
hearing loss, but hearing loss did not necessarily present

with diabetes mellitus in our patient cohort. There was no
association between degree of hearing loss and other asso-
ciated illnesses in this family. Two patients (386104 and
386105) with moderate to severe hearing loss did not have
any other clinical findings. However, two subjects (386201
and 386202) with mild to moderate hearing loss presented
with malignant brain tumor, stroke, or Crohn’s disease. All
patients under 20 years of age presented with normal hear-
ing and no other clinical symptoms.

Discussion

The mutations in the mitochondrial genome cause a dys-
function in the oxidative phosphorylation of the cell (Karkos
et al., 2004). Therefore, metabolically active tissues, such as
skeletal muscle, heart, brain, and cochlea, are especially sen-
sitive to mitochondrial mutation and dysfunction (Karkos et al.,
2004). In the ear, the stria vascularis, which is critical to
maintenance of the ionic potential, is highly metabolically ac-
tive. Consequently, impaired oxidative phosphorylation is
believed to result in free oxygen production with resulting loss
of function and hearing loss (Sue et al., 1998). In the A3243G
mutation, multiple biochemical aspects of the tRNAleu(URR)

gene are affected, which include structure stabilization, meth-
ylation, amino-acylation, and codon recognition (Finsterer,
2007). As a result, the A3243G mutation causes markedly re-
duced adenosine triphosphate production, increased lactate
production, impaired cell calcium homeostasis, increased re-
active oxygen species, and reduced insulin secretion. The loss
of these critical biochemical functions results in systemic dys-
function and may manifest as MELAS (Finsterer, 2007).

Most pathological mtDNA mutations harbor a mixture of
mutated and wild-type mtDNA, described as heteroplasmy
(Chinnery et al., 2000a). Interestingly, the phenotypic expres-
sion of mitochondrial defects only occurs when the hetero-
plasmic levels of the corresponding tissue exceed a critical
threshold level (Larsson and Clayton, 1995). It has been hy-
pothesized that pathologic conditions of mitochondrial dis-
eases may occur due to the organ-specific vulnerability to
energy needs (Shoffner and Wallace, 1990; Larsson and
Clayton, 1995). However, understanding this critical thresh-
old has not been a simple quantitative task.

In our study, we measured the percent heteroplasmy levels
in peripheral blood. However, the use of heteroplasmy to

Table 1. Summary of Clinical and Molecular Data of Several Members in the Pedigree with Diabetes Mellitus

Subjects Gender
Age at test

(years)
Age at onset

(years)
Degree of

hearing loss
Audiogram

shape
Diabetes
mellitus

Associated
illnesses

Heteroplasmy
of A3243G (%)

386101 F - No Normal hearing No No No 0
386102 F 55 Unknown Severe Flat No Malignant

brain tumor
5.51

386104 F 46 40 + Moderate to severe Gently sloping Yes No 14.33
386105 F 46 35 + Severe Gently sloping Yes No 10.70
386201 M 29 Unknown Moderate to severe Gently sloping Yes MELAS; stroke 27.74
386202 F 31 Unknown Mild High frequency Yes Liver transplant

secondary to
Crohn’s disease

25.89

386204 F 19 Normal hearing
386205 M 15 Normal hearing
386206 M 14 Normal hearing

MELAS, mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes.

FIG. 2. Identification of the A3243G mutation in mtDNA
using the ApaI restriction enzyme analysis of polymerase
chain reaction (PCR) products. The primer pair generates a
PCR product of 161 bp. PCR products amplified from mutant
A3243G allele(s) are digested into 87 and 74 bp, whereas
normal control DNA products are not digested. Lane 1 for
normal control DNA; lanes 2 and 8 for DNAs for individuals
without A3243G mutations; lanes 3–7 for individuals with
A3243G mutations; lane 9 for 100 bp DNA ladder; lane 10 for
negative control; lane 3: 386202; lane 4: 386201; lane 5:
386105; lane 6: 386104; lane 7: 386102; lane 8: 386101.
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determine disease severity has not been clearly elucidated,
and severity of symptoms does not always demonstrate a
linear correlation (Chinnery et al., 1997; Xing et al., 2007). The
use of peripheral blood has previously been shown to have an
inverse relationship with the onset of hearing loss and dia-
betes; for example, increased heteroplasmy results in an ear-
lier age of symptom onset (Olsson et al., 1998). Conversely,
Chinnery et al. (2000a) found no statistically significant cor-
relation between degree of heteroplasmy and severity of
hearing loss. Our data suggest that patients with a higher rate
of mutation demonstrate a tendency toward more severe
clinical phenotypes. Patient 386201 was noted to have MELAS
and 27.74% heteroplasmy at age 29. Interestingly, patient
386202 with the next highest degree of heteroplasmy (25.89%)

was noted to have a mild to moderate degree of hearing loss
and diabetes at age 31. Our oldest patient, 386102, was noted
to have 5.51% heteroplasmy with flat hearing loss and ma-
lignant brain tumor but no evidence of diabetes or other
clinical findings.

One possible mechanism for clinical variability may involve
the heteroplasmic state of A3243G and other mtDNA muta-
tions. The contribution of genetic background is well recog-
nized in Leber’s hereditary optic neuropathy (Howell, 1999).
The A12308G polymorphism has also been shown to increase
the risk of strokes in MELAS (Pulkes et al., 2000). While high
levels of the A3243G mutation or heteroplasmy levels in muscle
or blood are associated with hearing loss or stroke-like epi-
sodes, there may be other unknown confounders contributing

FIG. 3. Pure-tone audiometry demonstrating mild to severe hearing loss of five individuals with the A3243G mtDNA
mutation.
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to the clinical presentation (Van de Ouweland et al., 1992;
Chinnery et al., 2000a; Deschauer et al., 2004). Therefore, some
have hypothesized that there may be unaccounted mtDNA or
DNA background attributing for the presentation of the
MELAS syndrome. Intrafamilial clustering of phenotype
would indirectly point to mtDNA background. However, our
patients presented with variable phenotypes, for example,
386201 and 386202, despite similar levels of heteroplasmy and
age suggesting possible genetic or environmental confounders.

Additionally, no studies to date have been able to fully ac-
count for the effect of age on blood heteroplasmy levels. Olsson
et al. (1998) attempted to calculate the decline of heteroplasmy
with age in peripheral blood in their study. They were able to
derive from their patients (n = 23) the annual decrease in the
proportion of mutant mitochondria in blood as roughly 0.44%.
However, this was estimated by looking at patients at one time
point. In contrast, t’Hart et al. (1996) examined blood levels at
two time points. They calculated the decline to average 0.69%
per year in their patient population (n = 17). However, this
study also assumes a linear decline, which is uncertain. Our
analysis does not allow us to comment on the rate of decline,
but it does bring into question the degree of heteroplasmy of
our older patients and its relation to the phenotype presenta-
tion. For example, patient 386102 was noted to have 5.51%
heteroplasmy with severe, flat hearing loss but no evidence of
diabetes. This may be accounted for by a higher degree of

heteroplasmy at a younger age, which triggered the critical
threshold for loss of function. Nevertheless, the absence of di-
abetes in the context of severe hearing loss suggests the pos-
sibility of confounding contributors to the phenotype.

In terms of age of onset, two patients with diabetes but no
other associated illness in this study began to recognize
hearing impairment in their mid-third decade of life. Previous
reports suggest that patients with sensorineural hearing loss
due to the A3243G mutation have onset hearing impairment
from the 20s to the 50s (Chinnery et al., 2000a; Nagata et al.,
2001). The youngest patients (386–204, 386–205, 386–206) in
the present study had a normal hearing test at 19, 15, and
14 years of age, respectively, and were not analyzed for the
A3243G mutation. The clinical manifestations associated with
mtDNA mutations are very variable and relate in part to the
severity and proportion of the mutant mtDNA. It is recog-
nized that both genetic and environmental may act syner-
gistically and cause hearing loss in individuals with a lower
mutation load. For example, aminoglycoside antibiotics may
precipitate deafness in persons with a particular mtDNA ge-
notype (Prezant et al., 1993). Thus, asymptomatic individuals
who have family history of maternal inheritance of hearing
loss should avoid ototoxic agents, such as aminoglycoside,
which may further compromise cochlear function (Estivill
et al., 1998). For now even diagnosed, there is no curative
treatment for patients who have mtDNA disease. Current

Table 2. Audiologic Features of the A3243G Mitochondrial DNA Mutation Described in the Literature

Case Sex
Onset of

hearing loss
Age at

audiogram
Shape of

audiogram
Asymmetric
hearing loss Source

1 M 12 17 Sharp slope No Tamagawa et al. (1997)
2 F 14 14 Sloping No Tamagawa et al. (1997)
3 F 17 20 Sloping No Tamagawa et al. (1997)
4 M 30 44 Sloping No Tamagawa et al. (1997)
5 M 24 35 Flat Yes Tamagawa et al. (1997)
6 F 39 42 Sharp slope No Tamagawa et al. (1997)
7 F 45 52 Sloping No Tamagawa et al. (1997)
8 F 40 50 Sloping No Tamagawa et al. (1997)
9 F 18 45 Flat No Tamagawa et al. (1997)

10 F 29 33 Sloping No Yamasoba et al. (1996)
11 F 26 38 Sloping Yes Yamasoba et al. (1996)
12 F 33 42 Sloping No Yamasoba et al. (1996)
13 F 39 54 Flat No Yamasoba et al. (1996)
14 M 55 61 Sloping Yes Yamasoba et al. (1996)
15 F - 72 Sloping No Sue et al. (1998)
16 M 65 63 Sloping Yes Sue et al. (1998)
17 F 61 61 High frequency No Sue et al. (1998)
18 M 50 63 Sloping Yes Sue et al. (1998)
19 F 37 57 Sloping No Sue et al. (1998)
20 F 16 22 High frequency No Sue et al. (1998)
21 M - 20 Normal No Sue et al. (1998)
22 F < 14 27 Flat No Sue et al. (1998)
23 F 30 47 Flat Yes Sue et al. (1998)
24 F 40 35 Sloping Yes Sue et al. (1998)
25 F 28 40 Sloping No Sue et al. (1998)
26 M 15 44 Sloping No Sue et al. (1998)
27 F < 12 40 Flat Yes Sue et al. (1998)
28 F - 19 Normal No Sue et al. (1998)
29 M - 12 Normal No Sue et al. (1998)
30 F 35 33 High frequency Yes Sue et al. (1998)
31 M - 15 Normal No Sue et al. (1998)
32 M 35 38 Flat No Sue et al. (1998)
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therapy is limited to symptomatic relief and early detection of
treatable symptoms such as cardiac disease and diabetes.

Many studies have investigated mtDNA-associated hearing
loss (Table 2). Yamasoba et al. (1996) reported symmetric, bi-
lateral SNHL initially affecting higher frequencies followed by
deterioration of hearing from 1.5 to 7.9 dB per year. Liu et al.
(2008) noted NSHL associated with mitochondrial mutations
was often postlingual in onset with great variability in severity
and a sloping audiogram. The A3243G mutation is also gen-
erally characterized by sloping hearing loss. Tamagawa et al.
(1997) studied the audiological findings of nine patients with
A3243G, and Sue et al. (1998) reviewed the audiometric find-
ings of 18 patients with the MELAS syndrome. Their findings
supported the notion of a progressive disease process with
higher frequencies affected initially and a sloping hearing loss
pattern, which is often seen with mtDNA hearing loss. In ad-
vanced stages of hearing loss, defined by a pure tone average
more than 60 dB and serial audiometry, a flat shape suggesting
progressive cochlear involvement was appreciated. Sue et al.
(1998) further noted the presence of stepwise progression in at
least five patients, partial reversibility in two patients, and
asymmetry in four patients, suggesting that variable presen-
tations are possible. The audiometry of our patient cohort is
consistent with sloping hearing loss noted and more severe
hearing loss associated with flat morphology of the audiogram.

Our study is limited by the number of subjects, details of
exposure history, and lack of multiple testing time points to
assess heteroplasmy stability. However, the relationship be-
tween heteroplasmy in blood and severity of hearing loss is
not simply dismissible as seen with our patients. Future
studies will need to address the stability of heteroplasmy over
time and whether decay is exponential or linear. It remains
uncertain if peak heteroplasmy levels at a young age may be
adequate to breach the threshold level for loss of function
alone or does an environmental insult, such as medication or
nutrition, upset a critical balance. In conclusion, level of het-
eroplasmy may further help us to determine the severity of
mtDNA mutations; however, a clear association continues to
require further investigation.

Conclusions

Heteroplasmy levels are an important consideration in
determining the severity of phenotype. However, additional
studies are necessary to clarify the relationship between de-
gree of heteroplasmy and phenotypic presentation of mtDNA
mutations.
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