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Abstract
Although neuromuscular clinical features often dominate the clinical presentation of mitochondrial disease due to the m.3243A>G
mitochondrial DNA (mtDNA) mutation, many patients develop cardiac failure, which is often overlooked until it reaches an advanced
stage. We set out to determine whether cardiac complications are suﬃciently common to warrant prospective screening in all mutation
carriers. Routine clinical echocardiography and 3 Tesla cardiac MRI were performed on ten m.3243A>G mutation carriers and
compared to age and gender matched controls, with contemporaneous quadriceps muscle biopsies to measure respiratory chain activity
and mtDNA mutation levels. Despite normal echocardiography, all ten m.3243A>G mutation carriers had evidence of abnormal cardiac
function on MRI. The degree of cardiac dysfunction correlated with the percentage level of mutant mtDNA in skeletal muscle.
Sub-clinical cardiac dysfunction was a universal ﬁnding in this study, adding weight to the importance of screening for cardiac
complications in patients with m.3243A>G. The early detection of cardiac dysfunction with MRI opens up opportunities to prevent
heart failure in these patients through early intervention.
Ó 2012 Elsevier B.V. All rights reserved.
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1. Introduction
Neurological features usually dominate the clinical presentation of patients harbouring the m.3243A>G mitochondrial DNA (mtDNA) mutation; with migraine,
encephalopathy, seizures, stroke-like episodes, deafness,
ophthalmoplegia and myopathy all being common.
Although well recognised in advanced cases [1], cardiomy⇑ Corresponding author at: Institute of Genetic Medicine, Newcastle
University, Newcastle upon Tyne, NE2 4HH, UK.
E-mail addresses: p.f.chinnery@ncl.ac.uk, P.F.Chinnery@newcastle.ac.uk (P.F. Chinnery).
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opathy is often overlooked, despite being a major cause of
morbidity and mortality [2,3], and it may explain the
increased rate of sudden unexpected death observed in
Finnish patients harbouring m.3243A>G [4]. Using relatively insensitive 2D-echocardiography, left-ventricular
hypertrophy was been detected in 56% of cases [2], raising
the possibility that cardiac dysfunction is major feature of
the disorder potentially amenable to early treatment to prevent cardiac failure [5]. To address this issue, we used cardiac magnetic resonance imaging (MRI) to determine the
prevalence of cardiac dysfunction in m.3243A>G mutation
carriers, with contemporaneous genetic and biochemical
studies on skeletal muscle to elucidate the mechanism.
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was interpreted as evidence of concentric remodelling.
Cardiac tagging was used to evaluate function measured
as torsion and regional myocardial strains: these include
the torsion-to-endocardial strain ratio, a measure of the
relative contribution of the endocardial and epicardial contractions to systole; and radial thickening, the percentage
increase in average wall thickness from end-diastole to systole (Detailed MRI methods described on-line). Written
informed consent was obtained from all participants and
institutional ethics was obtained.

2. Methods
We studied ten m.3243A>G mutation carriers (ﬁve
male, ﬁve female, mean age 42.5 ± SD 9 years). Tables 1
and 2 shows the clinical and laboratory data, including
co-morbidities and medication), and sixteen healthy age
matched controls (eight male, eight female, mean age
41.6 ± SD 15 years). No signiﬁcant abnormalities were
found on electrocardiography (ECG) or 2D-echocardiography in either group. Systolic and diastolic blood pressure
was normal. Nine m.3243A>G mutation carriers underwent a left vastus lateralis skeletal muscle needle biopsy.
Respiratory chain complex activities, and the level of
m.3243A>G mutation were determined in each biopsy as
described [6], along with the mutation load in urinary epithelium and blood when available.
3-Tesla ECG-gated cardiac MRI was performed using a
six-channel cardiac coil on supine subjects (Philips Intera
Achieva, Best, NL). Structural evaluation included left
ventricular (LV) mass relative to body surface area, ejection fraction, end-systolic and end-diastolic volumes. The
eccentricity ratio was calculated as the ratio of LV mass
to end-diastolic volume and an increase in this parameter

3. Results
All m.3243A>G patients had structural and functional
cardiac abnormalities on MRI when compared to agematched controls (Table 3. Online videos). These included,
increased LV index (74 g/m2 vs. 59 g/m2, p = 0.001),
reduced end systolic (36 ml vs. 61 ml, p = 0.0005) and diastolic volume (103 ml vs. 143 ml, p = 0.002), increased peak
torsion (7.3° vs. 6.0° , p = 0.02) and an increased eccentricity ratio (1.19 g/ml vs 0.74 g/ml, p = 0.001, Fig. 1), indicative of cardiac remodelling. The percentage level of
m.3243A>G mutation in skeletal muscle correlated with

Table 1
Clinical data for the patients harbouring m.3243A>G. It was not possible to obtain a muscle biopsy from subject 10.
No.

Age (years)

Sex

Clinical features

Medication

Echo LVEF (%)

1
2
3
4
5
6
7
8
9
10

55
48
46
34
44
42
55
30
31
40

M
M
M
F
M
F
F
F
M
F

Deafness, diabetes, ht, ha
Deafness, diabetes, ha
Deafness, hc, seizures, SLEs.
Deafness, constipation, ha
Migraine, constipation
Deafness, diabetes, ht, SLEs
Constipation, ha; asthma
Deafness, diabetes, ht, hcl, SLEs.
None
Deafness, diabetes

ACEi, a, m, In, St
ACEi, St, In
c, a, ACEi, St
–
f, a
z, ACEi
–
pr, St, c, In, le
–
–

66
70
55
>60
61
>55
>55
>60
60
n/a

Key: ha = headaches, hc = hypercholesterolaemia, ht = hypertension, ACEi = angiotensin converting enzyme inhibitor, St = statin ± ezetmibe,
ln = insulin, a = aspirin, m = metformin, c = carbamazepine, f = ﬂunarazine, z = Na val, pr = propanolol, le = levemenre. SLEs: stroke-like episodes.

Table 2
Molecular genetic and biochemical data for the patients harbouring m.3243A>G. The percentage level of m.3243A>G and respiratory chain complex
activities were measured as previously described.
No.

1
2
3
4
5
6
7
8
9
10

3243A>G mutation load
SKM

UE

BLD

62
81
26
67
46
52
60
93
24
73

66
nd
82
80
48
nd
20
86
34
57

nd
nd
28
26
5
nd
9
3
7
21

I/mg

II/mg

III/mg

IV/mg

CS/mg

0.623
0.284
1.354
0.645
0.626
1.176
1.126
0.207
1.530
–

1.017
0.881
2.061
3.237
1.344
4.710
2.367
1.807
2.155
–

5.613
8.185
17.294
21.716
8.861
34.082
14.938
13.000
16.711
–

7.891
4.966
21.440
17.507
9.589
28.429
19.049
4.939
16.024
–

6.393
7.128
9.116
11.628
6.421
21.743
13.412
18.911
12.584
–

The percentage level of m.3243A>G and respiratory chain complex activities were measured as previously described. It was not possible to obtain a muscle
biopsy from subject 10. CS = citrate synthase activity, nd = not determined. SKM = skeletal muscle, UE = urinary epithelium, BLD = blood.
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Table 3
Cardiac morphology and function parameters for controls and mutation carriers. LV = left ventricle.
Parameter

Controls

m.3243A>G

p value

Age (years)
Heart rate (bpm)
Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)
Height (cm)
Weight (kg)
Body Surface Area (BSA, m2)

41.6 ± 15
61 ± 13
128 ± 13
76 ± 10
171 ± 11
75 ± 10
1.8 ± 0.1

42.5 ± 9
71 ± 12
130 ± 14
83 ± 10
165 ± 11
63 ± 16
1.6 ± 0.2

ns
ns
ns
ns
ns
0.02
ns

LV mass and global systolic function
LV mass (g)
LV index [LV mass/BSA] (g/m2)
Stroke volume (ml)
End-diastolic volume (ml)
End-systolic volume (ml)
Ejection fraction (%)
Eccentricity ratio [LV mass/EDV] (g/ml)

106.7 ± 20.4
59.3 ± 9.5
82 ± 15
143.0 ± 32.0
61.0 ± 18.7
58 ± 5
0.74 ± 0.11

119.7 ± 29.6
73.7 ± 9.9
67 ± 16
103.1 ± 23.3
36.2 ± 10.8
65 ± 6
1.19 ± 0.30

ns
0.001
0.02
0.002
0.0005
0.004
0.001

LV strains
Longitudinal shortening (%)
Peak torsion (degrees)
Peak circumferential strain (%)
Radial thickening (%)
Torsion to endocardial strain ratio (rad)

18.1 ± 2.8
6.0 ± 1.4
17.8 ± 2.7
59 ± 20
0.49 ± 0.13

14.5 ± 4.0
7.3 ± 1.3
17.5 ± 2.7
65 ± 23
0.57 ± 0.14

0.01
0.02
ns
ns
ns

90

(c)
p = 0.001

80
70
60
50

0.6
0.5
0.4

40
m.3243A>G

1.6

40

60

80

100

Mutation load (%)

(d)
p = 0.001

1.4
1.2
1.0
0.8

100

Radial thickening (%)

1.8

r = 0.71, p = 0.05
20

Controls

(b)
Eccentricity ratio (g/ml)

0.7

Torsion to endocardial
strain ratio (rad)

Left ventricular index (g/m2)

(a)

r = -0.80, p = 0.01

80
60
40

0.6
m.3243A>G

Controls

20

40

60

80

100

Mutation load (%)

Fig. 1. For m.3243A>G and control groups – (a) left ventricular index (left ventricular mass/body surface area), (b) eccentricity ratio. Within the
m.3243A>G group, mutation load correlates with (c) torsion to endocardial strain ratio and (d) radial thickening.

the decrease in respiratory chain complex I activity (j =
0.71, p = 0.01); and both muscle mutation load and
complex I activity correlated with the torsion to endocardial strain ratio (j = 0.71, p < 0.05 and j = 0.73, p <
0.03, respectively), and with reduced radial thickening
(j = 0.80, p = 0.01, Fig. 1).

4. Discussion
We found structural and functional cardiac abnormalities in all of the m.3243A>G patients we studied. The
major ﬁndings were: (1) concentric left ventricular hypertrophy in the absence of systemic hypertension; and (2) a
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re-orientation of myocardial strains with reduced longitudinal shortening and increased torsion. These ﬁndings indicate that sub-clinical cardiomyopathy is common in
m.3243A>G patients, and may be a universal ﬁnding.
Although the majority of subjects in our study had clinical
features of mtDNA disease, one was an asymptomatic
carrier who also had abnormal cardiac function on MRI.
Given previous reports of progressive cardiac hypertrophy
leading to irreversible dilated cardiomyopathy in
m.3243A>G patients [7], our observations re-enforce the
importance of cardiac monitoring in all m.3243A>G mutation carriers. Cardiac MRI provides a sensitive method of
detecting early cardiac dysfunction, complementing echocardiography. Early intervention may reduce cardiac
remodelling in m.3243A>G patients and thus delay left
ventricular failure, although this needs to be prospectively
studied.
Despite known diﬀerences in tissue mutation load, we
observed a correlation between the percentage level of
m.3243A>G and complex I activity in skeletal muscle,
and several key cardiac measures of early cardiac dysfunction. When taken together, these observations support a
central role for the genetic and biochemical defect in the
pathogenesis of the cardiomyopathy, rather than an indirect mechanism through reduced physical ﬁtness or comorbidity related to the diabetes known to occur in
m.3243A>G carriers.
It remains intriguing that the two lowest muscle mutation levels were observed in a 31 year old patient without
symptoms (m.3243A>G = 24%) and in a 46 year old
patient with a severe MELAS phenotype (m.3243A>G =
26%). These ﬁndings reﬂect the known poor correlation
between muscle mutation load and neurological phenotype; and contrast with the correlation that we observed
between skeletal muscle mutation load and the degree of
cardiac dysfunction. By inference, this implies that mutation load in myocardium is closely related to mutation load
in skeletal muscle, and that the consequences of a given
mutation level are similar in both cardiac and skeletal muscle. The same does not appear to be the case for the central
nervous system, where there is a much more diverse range
of cell types of diﬀerent embryological origins, each
responding to a given level of m.3243A>G to diﬀering
degrees, and contributing to the combined neurological
phenotype in diﬀerent ways. The lack of any correlation
between blood mutation levels and the cardiac phenotype
is not surprising, given that m.3243A>G in blood decreases
with age [8], unlike other tissues [9].
Our observations also suggest that measures aimed at
reducing mutation load or improving complex I activity
are likely to be beneﬁcial for the cardiomyopathy in
m.3243A>G patients. Although there are currently no
known methods of reducing cardiac mutation load, it is
conceivable that “gene shifting” techniques currently being
explored in skeletal muscle could be of beneﬁt [10]. This
would involve the delivery or local activation of cardiomyocyte precursors potentially harbouring a lower mutation
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load. An alternative approach could involve drugs known
to increase mitochondrial biogenesis which could improve
both the genetic and biochemical defect in a similar way
to aerobic exercise in skeletal muscle [11]. Interestingly,
we saw no correlation between m.3243A>G mutation load,
complex I activity, or cardiac dysfunction and the speciﬁc
enzyme activities of complex II and citrate synthase (Table
2). These enzymes are considered to be markers of mitochondrial proliferation and biogenesis, suggesting that
compensatory mitochondrial proliferation had not been
activated in the skeletal muscle of the patients described
here, despite the complex I defect. Finally, treatment with
anti-oxidant drugs provides hope of treatment in the short
term. The anti-oxidant properties of idebenone may
explain the beneﬁcial eﬀects of this drug on the cardiomyopathy in Friedreich’s ataxia, which also has a mitochondrial basis. The approach we describe here provides an
objective method for assessing the eﬃcacy of novel treatments in patients with m.3243A>G. This will hopefully
lead to the ﬁrst cardioprotective therapy for primary mitochondrial disease.
Acknowledgements
We thank the patients and volunteers for contributing
to this study. In addition we would like to acknowledge
the signiﬁcant contribution from Carol Smith and Louise
Morris, the Research Radiographers. Dr Alistair Young
from the University of Auckland is thanked for the cardiac tagging software. The Mitochondrial Diagnostic laboratory in Newcastle is funded by the UK NHS
Specialised Services to provide the “Rare Mitochondrial
Disease of Adults and Children” service (http://www.
mitochondrialncg.nhs. uk/index.html). P.F.C. is a Wellcome Trust Senior Fellow in Clinical Science and a UK
National Institute of Health Senior Investigator who also
receives funding from the Medical Research Council (UK)
Translational Muscle Centre, Parkinson’s UK, the Association Francßaise contre les Myopathies, and the UK
NIHR Biomedical Research Centre for Ageing and Agerelated disease award to the Newcastle upon Tyne
Foundation Hospitals NHS Trust.
Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.nmd.2012.03.001.
References
[1] Hirano M, Pavlakis SG. Mitochondrial myopathy, encephalopathy,
lactic-acidosis, and stroke-like episodes (MELAS) – current concepts.
J Child Neurol 1994;9:4–13.
[2] Majamaa-Voltti K, Peuhkurinen K, Kortelainen M-L, Hassinen IE,
Majamaa K. Cardiac abnormalities in patients with mitochondrial
DNA mutation 3243A>G. BMC Cardiovasc Disord 2002;2:12.

596

K.G. Hollingsworth et al. / Neuromuscular Disorders 22 (2012) 592–596

[3] Uusimaa J, Moilanen JS, Vainionpaa L, et al. Prevalence, segregation, and phenotype of the mitochondrial DNA 3243A>G mutation
in children. Ann Neurol 2007;62:278–87.
[4] Majamaa-Voltti K, Turkka J, Kortelainen ML, Huikuri H, Majamaa
K. Causes of death in pedigrees with the 3243A>G mutation
in mitochondrial DNA. J Neurol Neurosurg Psychiatry 2008;79:
209–11.
[5] Colucci WS, Kolias TJ, Adams KF, et al. Metoprolol reverses left
ventricular remodeling in patients with asymptomatic systolic dysfunction – the Reversal of ventricular remodeling with Toprol-XL
(REVERT) trial. Circulation 2007;116:49–56.
[6] Taylor RW, Turnbull DM. Laboratory diagnosis of mitochondrial
disease. In: Applegarth DA, Dimmick J, Hall JG, editors. Organelle
diseases. London: Chapman & Hall; 1997.
[7] Hsu PC, Chu CS, Lin TH, et al. Adult-onset hypertrophic cardiomyopathy manifested as initial major presentation of mitochondrial

[8]

[9]

[10]

[11]

disease with A-to-G 3243 tRNA (Leu(UUR)) point mutation. Int J
Cardiol 2008;129:441–3.
Pyle A, Taylor RW, Durham SE, et al. Depletion of mitochondrial
DNA in leucocytes harbouring the 3243A->G mtDNA mutation. J
Med Genet 2007;44:69–74.
Durham SE, Brown DT, Turnbull DM, Chinnery PF. Progressive
depletion of mtDNA in mitochondrial myopathy. Neurology 2006;
67:502–4.
Fu K, Hartien R, Johns T, Genge A, Karpati G, Shoubridge EA. A
novel heteroplasmic tRNAleu(UUR) mtDNA point mutation in a
sporadic patient with mitochondrial encephalomyopathy segregates
rapidly in muscle and suggests an approach to therapy. Hum Mol
Genet 1996;5:1835–40.
Clark K, Bindoﬀ LA, Lightowlers RN, et al. Correction of a
mitochondrial DNA defect in human skeletal muscle. Nat Genet
1997;16:222–4.

