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Abstract

Mitochondria are the source of most oxygen-derived free radicals. Mutations in mitochondrial DNA can impair mitochondrial electron

transport resulting in decreased ATP production and increased free radical-induced oxidant injury. The specific mitochondrial DNA mutation

A8344G alters the TCC loop or the mitochondrial tRNA for lysine. We investigated a large five-generational family harboring this mutation to

determine whether the degree of heteroplasmy (proportion of mutated mitochondrial genomes) for the mtA8344G mutation correlated with a

marker of oxidant damage. We measured F2-isoprostanes because they are specific and reliable markers of oxidant injury formed when free

radicals attack esterified arachidonate in cell membranes. Family members with high heteroplasmy (N40%) had significantly higher F2-

isoprostane levels (62 F 39 pg/ml) than those with lower heteroplasmy (33 F 13 pg/ml, P b 0.001). The degree of heteroplasmy for the

mtA8344G mutation in this family correlated positively with F2-isoprostane levels (P = 0.03). This study highlights the underappreciated role

free radicals play in the complex pathophysiology of inherited mitochondrial DNA disorders. The most important novel finding from this family

is that some currently asymptomatic individuals with moderate heteroplasmy have evidence of ongoing free-radical mediated oxidant injury.

D 2004 Elsevier Inc. All rights reserved.
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Introduction

Mitochondrial DNA (mtDNA) encodes for a distinct set of

ribosomal RNAs and tRNAs as well as for 13 subunits of the

electron transport chain [1]. We report a family that harbors

an A–G base transition at nucleotide position 8344 in the

mtDNA that alters the TCC loop of the mitochondrial tRNA

for lysine (MTTK gene) [2]. Specific deficiencies in muscle

energetics and mitochondrial respiratory complexes I and IV

were characterized in a family with maternally inherited

myoclonic epilepsy and ragged red fibers (MERRF) even

before this phenotype’s association with this specific
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mutation [3]. Since the initial reports of the classic MERRF

phenotype, other less clearly defined phenotypes have been

associated with the mtA8344G mutation [4–6]. The index

case of this family had years of medical evaluations before

his progressive muscle wasting and unsteadiness were

explained by his high heteroplasmy (proportion of mutated

mitochondrial genomes) for the mtA8344G mutation. Muta-

tions in mtDNA are transmitted almost exclusively through

the maternal line. Upon learning that the index case’s

maternal grandmother was one of six sisters, we realized

that further investigation of this large family could test the

hypothesis that oxidant damage correlates with the degree of

heteroplasmy for the mtA8344G mutation.

Under normal physiological conditions, as many as 2%

of electrons leak from the mitochondrial electron transport

chain and reduce oxygen to superoxide anion [7–9]. Thus,

mitochondria are a major source of oxygen-derived free
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radicals in the normal physiologic state. When electron

transport is impaired, more electrons leak and form super-

oxide radicals, triggering a cascade of free radicals that

indiscriminately damage biological macromolecules [10–

12]. Oxidant damage has been implicated in a host of

degenerative diseases and is increased in cigarette smokers

[13,14]. In this family with a mutation altering the

mitochondrial electron transport chain, F2-isoprostanes were

measured to determine the extent of oxidant damage. F2-

isoprostanes are a specific group of prostaglandin F2-like

compounds formed when free radicals attack esterified

arachidonate in cell membranes [15]. Measurement of these

specific products of lipid peroxidation is emerging as one of

the most reliable indices of in vivo oxidant injury [16,17].

Increasing heteroplasmy for the mtA8344G mutation in

members of this large, five-generational family correlated

positively with plasma F2-isoprostane levels and therefore

with oxidant injury.
Materials and methods

Ascertainment/phenotyping

All participating family members provided informed

consent prior to enrollment in this study. This study was

limited to adults over the age of 18. Demographic data,

including age, sex, height, and weight, were collected. Each

participant supplied a medical history including a list of

ongoing medical problems, current medications, prior

hospitalizations, and past surgeries. A specific symptom

survey inquired about muscle weakness, unsteadiness,

spontaneous muscle contractions, hearing loss, visual

difficulties, seizures, and diabetes. Smoking status, a known

potential confounder of F2-isoprostane levels, was reported

[13].

Genotyping

Genomic DNA was isolated from 3 ml of whole blood

and from buccal epithelium using the Wizard kit (Promega;

Madison,WI). PCR in the region of the MTTK gene was

carried out using the forward primer CTACCCCCTCT-

AGAGCCCAC and the reverse primer GTAGTATT-

TAGTTGGGGCATTTCACTGTAAAGCCGTGTTGG as

described by Zevani et al. [18]. The reverse primer creates

a new BglI site in the presence of a PCR-amplified A8344G

mutation. Products of BglI (New England Biolabs, Beverly

MA) digestion were resolved on 3% agarose gel. The

intensities of the wild-type (108 bp) and the mutant (73 bp)

were measured using a Hitachi FMBioII (Tokyo, Japan) gel

scanner. The raw intensity value for each band was divided

by the size of the fragment to obtain a corrected value.

Percentage heteroplasmy is presented as the corrected

mutant value divided by the sum of the corrected wild-type

and mutant values.
Plasma sample acquisition/mass spectroscopic analysis of

F2-isoprostanes

Individual blood specimens were centrifuged promptly for

10 min at 14,000 rpm. The separated plasma was then

immediately frozen on dry ice to prevent auto-oxidation. No

specimens were shipped. All specimens were stored at

�808C. No antioxidants were added to the plasma samples

prior to storage. Specimens were stored nomore than 2 weeks

before F2-isoprostane determination. Plasma F2-isoprostanes

do not vary diurnally or with meals, so plasma specimens

were obtained throughout the day depending on the avail-

ability of the subjects. A highly accurate gas chromato-

graphic/negative-ion chemical ionization mass spectroscopic

assay was utilized to measure F2-isoprostanes [19].

Statistical analysis

Means of continuous variables measured in two groups

were compared using Student’s t test taking into account

unequal variances when necessary. The Pearson product-

moment correlation coefficient was used to measure the

strength of association between two continuous variables.

The level of significance was set at 0.05. All statisti-

cal analyses were done utilizing STATA 8.0 (College

Station, TX).
Results

Ascertainment/demographics

Twenty-five of 32 (78%) of adults in this family provided

DNA samples for analysis. Of these adults, 23 (92%) had

F2-isoprostane levels measured.

Fig. 1 presents the five-generational family pedigree. The

mean age of the adult family members was 48 years (range

22–80). Forty-four percent were male. Six (24%) were

cigarette smokers. Ten members of Generation III (50%) are

deceased. The median age at the time of death was 40 years

(range 4 to 71).

Symptom survey/selected case reports

No family members, other than the index case, were

previously diagnosed with a mitochondrial disorder. No

family member was known to have both myoclonic epilepsy

and progressive muscle wasting as would be expected with

the classic MERRF phenotype. One deceased member of

Generation III (III-7) had a progressive muscle disorder and

died at age 54. This person’s sister (III-9) had 15%

heteroplasmy for mtA8344G detected and transmitted the

mutation to all three of her sons (IV-8, 9, 10). Another

deceased member of Generation III (III-17) developed

seizures at age 31. Systematic survey of family members

for symptoms that are related to mitochondrial disorders



Fig. 1. Pedigree of this family with the mtA8344G mutation highlighting maternal transmission. The legend above shows the symbols used to represent degree

of heteroplasmy for this mutation among family members. The F2-isoprostane levels in units of pg/ml for each family member are presented below and slightly

to the left of their pedigree symbol. The normal level of F2-isoprostanes is reported as 35 F 6 pg/ml. All F2-isoprostane values greater than 100 occurred in

chronic cigarette smokers, a known confounder of this measure of oxidant injury. The index case has an arrow pointing to his symbol. Children of male family

members are not represented in this pedigree. Members of the most recent generation (GV) are all less than 18 years of age and were not ascertained as part of

this study. Their symbols are open and light gray in color.
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revealed that 7(28%) experienced spontaneous muscle

contractions, 6(24%) reported exercise intolerance, 6(24%)

reported unsteadiness, and 5 (20%) reported hearing loss.

The index case was the only family member taking

supplemental vitamin E (800 IU/day).

Case report 1: index case (IV-1)

At age 50, the index case noted muscle weakness and

increasing fatigue. Over the following 3 years, he had

progressive neurologic decline with the development of

unsteadiness, profound muscle weakness, spontaneous

muscle contractions, and a resting tremor. A brain MRI

scan revealed olivopontocerebellar degeneration. Muscle

biopsy revealed significant denervation atrophy, but no

ragged red fibers. Genotyping utilizing allele-specific

oligonucleotide probes revealed that 95% of mitochondrial

DNA from the muscle biopsy had the mtA8344G mutation.

The patient reported years of occasional myoclonus and

limited exercise ability prior to the onset of his illness.

Case report 2: 39-year-old cigarette smoker with moderate

heteroplasmy (IV-10)

This individual has had numerous medical problems

since youth. He has had seizures in the past. He has

unsteadiness, spontaneous muscle contractions, and muscle

weakness. He had a fatty tumor excised from his neck. He

has blood heteroplasmy of 31% and buccal heteroplasmy of
57%. His F2-isoprostane level was 108 pg/ml. (For smokers

the range is 85 F 32 pg/ml [14]).

Case report 3: asymptomatic young man with moderate

heteroplasmy and elevated F2-isoprostane levels (IV-16)

At age 22, this young man has been very healthy and

active. Recently, he has developed hypertension. His degree

of heteroplasmy for mtA8344G was 62% in a buccal

specimen and 46% in blood. His F2-isoprostane level is 63

pg/ml. His maternal uncle (III-18) developed seizures at the

age of 31 and died years later from complications related to

a seizure-related fall.

DNA mutation analysis

The mtA8344G mutation was detected in either the blood

or the buccal specimen of 76% (19/25) family members. The

index case had the highest degree of heteroplasmy measured

(70% in blood and 69% in buccal specimen). The index case’s

mother (III-3) had 6% heteroplasmy for mtA8344G detected

only on her buccal specimen. Two separate blood specimens

from her were negative for the mutation.

Oxidant damage measurement

The mean F2-isoprostane level in this family was 55 F
38 pg/ml. This is significantly higher than published



Fig. 2. Scatterplot of blood %heteroplasmy versus buccal %heteroplasmy

for the mtA8344G mutation among family members. This scatterplot

demonstrates the high degree of correlation between heteroplasmy for the

mtA8344G mutation in blood and buccal specimens. The correlation

coefficient for this relationship was r = 0.91 ( P value b 0.01). While

correlated, these values differ somewhat because of tissue heteroplasmy.

This variation in the mitochondrial population of different tissues reflects

differences in heteroplasmy in progenitor cells as well as local environ-

mental factors effecting mitochondrial proliferation.

Fig. 3. Scatterplot of F2-isoprostane levels versus buccal %heteroplasmy in

nonsmoking members of this family. This scatterplot demonstrates the

correlation between the level of F2-isoprostanes, a marker of oxidant

injury, and the degree of buccal heteroplasmy for the mtA8344G mutation

in this family. Chronic cigarette smoking causes an increase in F2-

isoprostane levels. Family members that smoke cigarettes were excluded

from this part of the analysis. The correlation coefficient for this

relationship is r = 0.55 ( P = 0.03). This correlation was similar to that

for F2-isoprostanes and blood %heteroplasmy for this mutation, r = 0.52

( P = 0.03).
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normal values, 35 F 6 pg/ml, using the same assay (P b

0.001) [12]. As Fig. 2 demonstrates, there is a separation in

the distribution of degree of buccal heteroplasmy in this

family at 40%. Family members with N40% heteroplasmy

in mitochondrial DNA had higher F2-isoprostane levels 62

F 39 pg/ml compared to those with lower heteroplasmy

levels 52 F 38 pg/ml (P = 0.04). The highest isoprostane

levels were measured in family members who smoked

cigarettes, 102 F 46 pg/ml (N = 6). In this family all six

cigarette smokers also had b40% heteroplasmy for the

mtA8344G mutation. Excluding the cigarette smokers

because of the known confounding effect smoking has on

F2-isoprostane levels, the mean F2-isoprostane levels for

family members with less than 40% heteroplasmy was 33 F
13 vs. 62 F 39 pg/ml for higher heteroplasmy family

members (P b 0.001) [13]. Among nonsmokers, the index

case had the highest F2-isoprostane level, despite taking 800

IU/day of vitamin E.

Correlation analysis

Buccal specimen heteroplasmy correlated closely with

heteroplasmy measured in mitochondrial DNA extracted

from blood, r = 0.91(P b 0.001) (Fig. 2).

Removing the confounding effect of cigarette smoking

on patients with lower heteroplasmy revealed a linear

correlation between the degree of heteroplasmy in both

buccal or blood specimens and measured F2-isoprostane

levels. For buccal DNA, the (Pearson) correlation coef-

ficient for increasing degrees of heteroplasmy and increas-
ing F2-isoprostane levels was 0.55 (P = 0.03) (Fig. 3). For

blood specimens, the correlation coefficient between these

two variables was 0.52 (P = 0.03).

There was no statistically significant correlation between

age (P = 0.43) or body mass index (P = 0.31) and F2-

isoprostane levels in this family.
Discussion

This large, five-generational family provides a special

opportunity to study the genetic epidemiology of the

mtA8344G mutation. Population-based studies have shown

that this specific mutation is uncommon [20,21]. However,

there are 176 reported disease-causing mitochondrial DNA

mutations that are transmitted via the maternal germline

[22]. As a group, their prevalence is greater than many other

well-known degenerative diseases, such as amytrophic

lateral sclerosis [1]. Limiting investigations to well-charac-

terized phenotypes would underestimate the burden of

mitochondrial mutations [3]. This index case’s diagnosis

led to the discovery of 18 other adult family members with

this mutation.

Mitochondrial DNA mutations, like mtA8344G in this

family, illustrate several unique aspects of mitochondrial

genetics. First, transmission of mitochondria and the
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mtDNA mutations they may carry occurs almost exclusively

through the maternal inheritance. The oocyte at fertilization

has many thousands of mitochondria while sperm have far

fewer which are soon ubiquitin-tagged and destroyed [1].

Next, the proportion of mutated mtDNA genomes can vary

between tissues. This heterogeneous distribution is referred

to as tissue heteroplasmy. This can arise from the process of

replicative segregation where during repeated cell divisions

of heteroplasmic cells there can be a shift in the proportion

of mutated mtDNA genomes [12]. The two different tissues

sampled in this family, blood and buccal samples, did not

show a significant variation. However, note the difference in

the degree of heteroplasmy in the buccal samples between

the index case and his mother (70% vs. 6%). Perhaps the

index case’s mother has increased tissue heteroplasmy in her

ovarian tissue. Stochastic factors could have led to the

unequal segregation of mutated mtDNA in the progenitor

cells leading to the ova that ultimately became the index

case. Finally, mitochondria with mutated mtDNA may have

a local selective advantage that leads to proliferation and

increased heteroplasmy in a given tissue [12]. Much needs

to be discovered regarding the role of free radicals in these

mitochondrial processes.

The mtA8344G mutation compromises mitochondrial

respiratory chain function and results in decreased ATP

production [3]. Cybrid studies reveal that this decline in

electron chain transport is independent of nuclear gene

involvement. Mutant cybrids containing mitochondria with

more that 90% heteroplasmy for the mtA8344G mutation

revealed severe impairment of protein synthesis.[23]. Since

this mutation is in the gene encoding for the mitochondrial

tRNA for lysine, all 13 subunits of the respiratory chain

encoded in the mitochondrial genome are affected. Electrons

accumulate in the initial steps of the electron transport chain

and there interact with oxygen, initiating the production of

destructive free radicals.[3,24]. This has been demonstrated

in a mouse model where inhibition of oxidative phosphor-

ylation produced markedly increased levels of oxygen-

derived free radicals in both muscle and heart tissue [25].

This increase in oxidant injury was accompanied by

increased mtDNA damage [25]. Measurement of F2-

isoprostanes in this family also reveals free radical-induced

oxidant injury. This oxidant damage correlates positively

with heteroplasmy for the mtA8344G mutation and suggests

again a role for free radicals in the complex pathophysiol-

ogy of mitochondrial disorders.

Phenotypic variation is a hallmark of mitochondrial

disorders and heteroplasmy plays a key role [1]. Oxidant

injury is certainly involved in many of the clinical features

associated with mitochondrial mutations. Differences in

antioxidant defenses may also influence phenotype. The

index case was the only family member taking supplemental

vitamin E at the time of ascertainment. His dose was

subsequently increased to 1600 IU/day and the F2-isopros-

tane levels decreased. Pro-oxidant factors, like cigarette

smoking, may also account for some of this variation in
oxidant injury. Cigarette smokers in this family all had

moderate heteroplasmy and had higher F2-isoprostane levels

than cigarette smokers reported elsewhere [14]. The most

novel and challenging discovery in this family was the

observation of asymptomatic individuals with moderate

heteroplasmy and evidence of ongoing free radical-mediated

lipid peroxidation. Future research must focus on what

happens to these individuals over time and development of

treatments that halt the progression of oxidant injury.
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