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Abstract. – Coronary heart disease (CHD) is 
a leading cause of death worldwide. It is a mul-
tifactorial disorder resulting from harmful inter-
actions between genetic and environmental fac-
tors. Due to the central role of mitochondria in 
cellular energy homeostasis, there is growing 
evidence supporting the role of damage to mi-
tochondrial components such as mitochondri-
al DNA (mtDNA) in the pathogenesis and pro-
gression of CHD. However, the molecular mech-
anisms linking mtDNA and CHD remains un-
known. In terms of mutations, we found that mi-
tochondrial transfer RNA (mt-tRNA) genes are 
hot spots for pathogenic mutations associated 
with CHD. These mutations cause structural and 
functional changes in tRNA; specifically, fail-
ure of tRNA metabolism may impair mitochon-
drial protein synthesis and lead to mitochondri-
al dysfunction responsible for CHD. This review 
provides a detailed summary of the mtDNA mu-
tations that have been reported to be associat-
ed with CHD and further discusses the possible 
molecular mechanisms behind the involvement 
of these mtDNA mutations in CHD.
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Introduction

Coronary heart disease (CHD), also known 
as coronary artery disease (CAD), is one of the 
most common causes of human deaths world-
wide1. It has been estimated that, annually, CHD 
annually results in 502,000 deaths in the US and 
more than 700,000 deaths in China2,3. The patho-
genesis of CHD remains largely undetermined, 
although it has been found that hypertension, 
hyperlipidemia, smoking and family history are 
risk factors for this disease4. At the molecular 
level, it has been suggested that CHD is a com-

plex disorder that can be caused by a single gene 
or a multifactorial condition resulting from in-
teractions between environmental and inherited 
risk factors5,6. In recent years, most attention has 
been focused on assessing the impact of nuclear 
genes on the development of CHD, so the roles of 
mtDNA mutations in this disease context are not 
fully understood. In this review, we comprehen-
sively summarize the recent progress in research 
on mtDNA function and dysfunction, oxidative 
stress, and CHD-associated mtDNA mutations. 
We also discuss the potential underlying mech-
anisms by which pathogenic mtDNA mutations 
lead to CHD.

Mitochondria
Mitochondria are important organelles whose 

primary role is to generate ATP through the 
electron transport chain (ETC) and oxidative 
phosphorylation (OXPHOS). Mitochondria al-
so play significant roles in other vital aspects 
of cell functioning, including the regulation of 
programmed cell death (apoptosis), calcium ho-
meostasis, and the production of reactive oxygen 
species (ROS)7,8. Separate from nuclear DNA, 
mitochondria also have their own genome, which 
is called mitochondrial DNA (mtDNA) (Figure 
1). A cell contains hundreds of mitochondria, and 
each mitochondrion contains five to ten copies 
of mtDNA9. Human mtDNA is a double-strand-
ed circular molecule of 16,569-bp encoding 37 
genes: 13 for essential subunits of the OXPHOS 
system, 2 for rRNAs and 22 for tRNAs required 
for mitochondrial protein synthesis10. Since mtD-
NA is in the proximity of sites of ROS generation 
and mitochondria have relatively unsophisticated 
DNA protection and repair systems, this DNA is 
particularly susceptible to mutation11.

mtDNA is predominantly transmitted mater-
nally. Most mammalian cells contain many cop-
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ies of the mitochondrial genome. mtDNA within 
a cell can be a mixture of both wild-type and mu-
tant species, a condition called “heteroplasmy,” 
while “homoplasmy” refers to the situation in 
which all mtDNAs are identical12. Pathogenic 
mutations are usually heteroplasmic in nature.

Oxidative Stress
Oxidative stress has been identified as a major 

factor contributing to the onset and develop-
ment of CHD13,14. The term “oxidative stress” 
refers to an imbalance between the production 
of ROS and the ability of the body to detoxify 
the reactive intermediates. Under normal physi-
ological conditions, the level of ROS production 
is tightly controlled through the activity of anti-
oxidant enzymes, such as manganese-superoxide 
dismutase, catalase, glutathione reductase and 
peroxidase15,16. 

Mitochondria are the non-enzymatic source 
of ROS that mainly emerges from complexes I 
and III of the respiratory chain17. ROS within 
the mitochondrial intermembrane space, or in 
the cytosol, are involved in subsequent oxygen 
sensing modification via stabilization of the tran-
scription factor hypoxia-inducible factor-1 alpha 
(HIF-1α)18. Therefore, ROS generated by the mi-
tochondria, have the ability to modify multiple 

additional physiological pathways. For example, 
ROS can directly damage proteins by oxidation, 
or can oxidize lipids to form lipid peroxidation 
products, which can induce protein or phospho-
lipid damage. ROS are also involved in DNA 
damage, in particular damage to mtDNA19. More-
over, ROS can generate peroxynitrite from nitric 
oxide (NO), causing intracellular nitrosylation 
and further impairment of mitochondrial respi-
ration20, which is detrimental to cardiac health.

mtDNA Deletions and 
CHD4977-bp Deletion

The mtDNA 4977-bp deletion, a common de-
letion that eliminates the region between nucleo-
tides 8470 and 13447 of the human mitochondrial 
genome, was first identified in the muscle of 
a patient with neuromuscular diseases – (Ke-
arns-Sayre/progressive external ophthalmoplegia 
plus syndrome) in 198921. This common deletion 
removes five mt-tRNA genes, namely, tRNAGly, 
tRNAArg, tRNAHis, tRNASer(AGY) and tRNALeu(CUN), 
as well as seven genes encoding four Complex 
I subunits (ND3, ND4, ND4L, partial ND5), one 
Complex IV subunit (COX III), and two Com-
plex V subunits (A6, partial A8) that are crucial 
for supporting normal mitochondrial OXPHOS 
function22. Both animal studies23 and cell model 

Figure 1. The genetic map of human mtDNA gene, it contained 13 peptides, 22 tRNA and 2 rRNA.
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analysis24 have shown that the mtDNA 4977-bp 
deletion plays an important role during the course 
of tumorigenesis and aging. Studies25,26 on cardi-
ac tissues revealed the presence of the mtDNA 
4977-bp deletion and showed a positive correla-
tion between this deletion and CHD. It has been 
suggested27 that continuous generation of intra-
cellular free radicals during OXPHOS is a major 
underlying mechanism generating this deletion.

7.3-kb Deletion
In a previous study, 7.3-kb deletion breakpoints 

were found downstream of the A8 gene and at the 
3’ end of the Cytb genes28. This deletion results 
in removal of the cytochrome b gene, the NADH 
dehydrogenase chain 6, 5, 4, 4L and 3 genes and 
the F0-F1 A6 and A8 genes. As these genes are 
essential for OXPHOS, their deletion would be 
expected to decrease ATP resynthesis during 
reperfusion29. Moreover, the incidence and prev-
alence of 7.3-kb deletion in patients with clinical 
indications of poor recovery suggest that this de-
letion could be an important indicator of surgical 
outcome in patients undergoing cardiac surgery.

Mitochondrial OXPHOS-Related 
Genes Mutations and 
CHD ND5 G13513A Mutation

The G to A mutation at nucleotide position 
13513 in mtDNA affects an evolutionarily con-
served amino acid (D393N) in the reduced form 
of the ND5 gene, which encodes a subunit of 
respiratory chain complex I30. In fact, the amino 
acid at that position is critical for the functions of 
complex I. Mitochondrial complex I accepts elec-
trons from NADH and then transfers them to co-
enzyme Q10. Therefore, the G13513A mutation in-
terferes with the function of complex I and causes 
mitochondrial dysfunction31. This mutation was 
first reported in adult mitochondrial encephalo-
myopathy, lactic acidosis, and stroke-like epi-
sodes (MELAS)30, as well as Leber’s hereditary 
optic neuropathy (LHON)/MELAS syndromes32. 
Mitrofanov et al33 analyzed the mtDNA hetero-
plasmic mutation G13513A in CHD patients and 
found a positive correlation between it and CHD.

CytB G15059A and C15452A Mutations
The point mutation G15059A results in the 

replacement of a glycine at amino acid position 
190 with a stop codon. This change results in 
premature termination of translation, leading to 
a truncated CytB protein missing 244 amino 
acids at the C-terminus33,34. Initially, G15059A 

was described in a patient with mitochondrial 
myopathy35. Nikitin et al36 examined the role of 
the CytB G15059A mutation in patients with type 
2 diabetes with EH. 

The C15452A mutation converts the 236th ami-
no acid of CytB from leucine to isoleucine and 
was found to be correlated with decreased Com-
plex III activities in the hearts of patients with 
severe ischemic cardiomyopathy III37. These find-
ings suggest that mtDNA damage is a secondary 
effect of oxidative damage in the heart during 
aging and cardiomyopathy.

mtDNA D-loop Mutation and 
CHD D-loop T16189C Mutation

The mtDNA T16189C mutation, with a ho-
mopolymeric C-tract of 10-12 cytosines, was 
found to be a putative genetic risk factor for CHD 
in Saudi Arabians38. Nucleotide T16189 lies in 
the middle of a homopolymeric-C tract where 
the transition from a thymine (T) to a cytosine 
(C) causes a homopolymeric C-tract of 10-12 
bp in the displacement loop (D-loop) region of 
mtDNA39. This mutation maps precisely to a nov-
el point of origin of mtDNA replication (OriB), 
which makes it likely that T16189C alters mtDNA 
function40 and subsequently plays a putative role 
in CHD progression.

mt-tRNA Mutations and CHD tRNALeu(UUR) 
C3256T Mutation

The heteroplasmic mutation C3256T is locat-
ed in the tRNALeu(UUR) gene of the mitochondrial 
genome. This mutation has been reported in 
two families with diabetes mellitus41,42 and one 
family with recurrent focal seizures, hemiplegia 
and hemianopia43. In fact, C3256T occurs at 
the D-stem of the tRNALeu(UUR) gene (position 
27) which is highly conserved from bacteria to 
humans44. It was anticipated that the C3256T 
mutation may interfere with protein synthesis 
and decrease mitochondrial function. In fact, 
this mutation was shown to significantly reduce 
the levels of mt-tRNALeu(UUR) and ND1 mRNA45. 
Sobenin et al46 analyzed the frequency of the 
C3256T mutation in 45 CHD patients and 146 
non-CHD controls, they found that this muta-
tion was associated with atherosclerosis with a 
high level of statistical significance. Moreover, 
the heteroplasmic level of C3256T mutation in 
human white blood cells was regarded as a risk 
factor for atherosclerosis and can be used as an 
informative marker of genetic susceptibility to 
atherosclerosis, CHD and myocardial infarction. 
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tRNAAla T5592C Mutation
The T5592C mutation is localized at a highly 

conserved uridine (68U) on the acceptor stem 
of tRNAAla, a position that is important for the 
stability and identity of tRNA47. The U-to-C 
transition occurring at this position due to the 
T5592C mutation is expected to create a highly 
conservative base pairing (5G-68C) on the ac-
ceptor stem of this tRNA, altering its secondary 
structure (www.mitomap.org). Interestingly, the 
T12201C mutation occurring at the same position 
of the tRNAHis gene has been regarded as patho-
genic and having an association with mitochon-
drial deafness48. A reduction in the steady state 
level of tRNAHis of approximately 70% has been 
observed in cybrid cells containing this mutation. 
Therefore, the T5592C mutation may have similar 
functional impact on CHD.

tRNALys A8326G and A8344G Mutations
The A8326G mutation is located at the antico-

don stem of the tRNALys gene, adjacent to the first 
nucleotide of the triplet codon. The nucleotide 
at that position is invariant across species from 
yeast to human49, and was previously described 
in a cystic fibrosis patient suspected of having 
mitochondrial cytopathy and CHD50. Hence, the 
A8326G mutation was considered to be deleteri-
ous because of the high degree of evolutionary 
conservation. Meanwhile, the A8344G mutation 
occurring in the TΨC loop of the cloverleaf-fold-
ed tRNA has been reported to be associated with 
CHD51, myopathy, multiple lipomatosis, mild 
hearing loss, stroke-like episodes, and paralytic 
ileus52, and myoclonus epilepsy with ragged red 
fibers (MERRF)53. This mutation was shown 
not to affect mitochondrial transcription and the 
global post-transcriptional modification pattern 
of tRNA54, except modification at nucleotide 3455. 
However, A8344G was found to affect the steady-
state level of tRNALys, in addition, it was de-
scribed as having altered capacity to read lysine 
codons56. 

tRNALeu(CUN) G12315A Mutation 
The G to A change at position 12315 in the tR-

NALeu(CUN) gene was first described in a sporadic 
patient with chronic progressive external ophthal-
moplegia, ptosis, limb weakness, sensorineural 
hearing loss, and pigmentary retinopathy57. The 
G12315A mutation was also presented in patients 
with myocardial infarction58. This heteroplasmic 
mutation disrupts the highly conserved G-C base 
pairing in the TΨC stem47. It has been suggested 

that the G12315A mutation could lead to de-
fects in the tRNA and affect protein synthesis, 
which could in turn result in deficiencies of mito-
chondrial respiratory chain enzymes. This would 
eventually lead to energy deficiency in affected 
cells, which could play a role in myocardial in-
farction.

tRNAGlu A14693G Mutation
The homoplasmic A14693G mutation occurs at 

an extremely conserved nucleotide of the TΨC-
loop of tRNAGlu (conventional position 54). In 
fact, nucleotides at that position of tRNA are 
often modified, thereby contributing to the struc-
tural formation and stabilization of functional 
tRNAs59. The A14693G mutation was implicat-
ed in MELAS60 and suggested to influence the 
phenotypic expression of the deafness-associated 
12S rRNA A1555G mutation61, as well as CHD62. 
Thus, alteration of the tertiary structure of the 
mt-tRNAGlu by these variants may lead to a failure 
in the metabolism of this tRNA. 

tRNAThr G15927A Mutation
The mitochondrial G15927A mutation abolish-

es the highly conserved base-pairing (28C-42G) 
of the anticodon stem of tRNAThr. This mutation 
causes an unstable tRNAThr structure and decreas-
es the efficiency of aminoacylation of this tRNA63. 
Moreover, the G15927A mutation was reported to 
markedly decrease the level of mtDNA-encoded 
polypeptides, to promote respiratory deficiency, 
to diminish membrane potential and to increase 
the production of ROS. An in vivo mitochondrial 
protein labeling analysis showed ~53% reduction 
in the rate of mitochondrial translation in mutant 
cells which may directly cause mitochondrial 
dysfunction responsible for CHD64.

Molecular Mechanism Underlying 
mtDNA Mutations in CHD

Mitochondrial dysfunction and associated ox-
idative stress were strongly linked to cardiovas-
cular diseases. In previous studies, we noted that 
CHD-associated mitochondrial pathogenic mu-
tations were mainly located at OXPHOS-related 
and tRNA genes (Table I, Figure 2). mtDNA 
mutations have structural and functional effects, 
including altering the RNA structure and the 
processing of RNA precursors, reducing the 
tRNA or mRNA steady state level, and causing 
defects in tRNA modifications. These events 
lead to impaired mitochondrial translation, in 
particular, a decline in ATP production and an 
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increase in ROS generation in cardiovascular 
cells, which may in turn lead to the development 
of CHD.

Conclusions

In this review, we have summarized the 
CHD-associated mtDNA mutations, including 
large mtDNA deletions, and mutations in mtDNA 
OXPHOS-related genes and mt-tRNA genes. We 

found that mtDNA mutations are important caus-
es of CHD. However, the molecular pathogenesis 
of CHD-associated mtDNA mutations needs to 
be further elucidated, especially the mechanism 
underlying the tissue-specific mtDNA mutations, 
and the interaction between mtDNA mutations 
and nuclear genes. 
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Figure 2. Secondary structures of CHD-associated mt-tRNA genes. Arrows indicated the mutation sites.

Table I. CHD-associated mt-tRNA mutations.

				    Location in	 Homoplasmy/	
	 Gene 	 Mutation	 Position	 tRNA gene	 Heteroplasmy	 Manifestation	 Ref.

tRNALeu(UUR)	 C3256T	 27	 D-stem	 Heteroplasmy	 CHD, myocardial infarction	 45, 46
tRNAAla	 T5592C	 68	 Acceptor stem	 Homoplasmy	 CHD	 47, 62
tRNALys	 A8326G	 32	 Anticodon stem	 Homoplasmy	 Myocardial infarction	 50
	 A8344G	 50	 TΨC loop	 Heteroplasmy	 Myocardial infarction	 51
tRNALeu(CUN)	 G12315A	 50	 TΨC loop	 Heteroplasmy	 Myocardial infarction	 58
tRNAGlu	 A14693G	 54	 TΨC loop	 Homoplasmy	 CHD	 62
tRNAThr	 G15927A	 42	 Anticodon stem	 Homoplasmy	 CHD	 63, 64
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