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Abstract

Mutations in mitochondrial DNA have been associated with cardiovascular disease. We report here the clinical, genetic, and molec-
ular characterization of one three-generation Han Chinese family with maternally transmitted hypertension. All matrilineal relatives in
this family exhibited the variable degree of hypertension at the age at onset of 36 to 56 years old. Sequence analysis of the complete
mitochondrial DNA in this pedigree revealed the presence of the known hypertension-associated tRNAIle A4295G mutation and 33
other variants, belonging to the Asian haplogroup D4j. The A4295G mutation, which is extraordinarily conserved from bacteria to
human mitochondria, is located at immediately 30 end to the anticodon, corresponding to conventional position 37 of tRNAIle. The
occurrence of the A4295G mutation in several genetically unrelated pedigrees affected by cardiovascular disease but the absence of
242 Chinese controls strongly indicates that this mutation is involved in the pathogenesis of cardiovascular disease. Of other variants,
the tRNAGlu A14693G and ND1 G11696A mutations were implicated to be associated with other mitochondrial disorders. The
A14693G mutation, which is a highly conserved nucleoside at the TwC-loop of tRNAGlu, has been implicated to be important for tRNA
structure and function. Furthermore, the ND4 G11696A mutation was associated with Leber’s hereditary optic neuropathy. Therefore,
the combination of the A4295G mutation in the tRNAIle gene with the ND4 G11696A mutation and tRNAGlu A14693G mutation may
contribute to the high penetrance of hypertension in this Chinese family.
� 2007 Elsevier Inc. All rights reserved.
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Cardiovascular disease is one of the most common com-
plex disorders. Cardiovascular disease can be caused by a
single-gene or multi-factorial conditions, resulting from
interactions between environment and inherited risk fac-
tors. Of hereditary factors, the maternal transmissions of
cardiovascular disease have been implicated in some pedi-
grees, suggesting that the mutation(s) in mitochondrial
DNA (mtDNA) is one of the molecular bases for this dis-
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order [1–5]. Recently, several mtDNA point mutations have
been identified to be associated with cardiovascular disease.
These mutations included the A1555G mutation in the 12S
rRNA gene [6], the A3260G and C3303T mutations in the
tRNALeu(UUR) gene [7,8], the A8348G and G8363A muta-
tions in the tRNALys gene [9,10], the A4295G and A4300G
mutations in the tRNAIle gene [11–13]. Most recently, the
T4291C mutation in tRNAIle gene has been associated with
a cluster of metabolic defects including essential hyperten-
sion, hypercholesterolemia, and hypomagnesaemia in a
large family [14].

With an effort to understand a role of mitochondrial
genome in pathogenesis of cardiovascular disease in Chi-
nese population, we have initiated a systematic and
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extended mutational screening of mtDNA in a large cohort
of hypertension subjects in the Geriatric Cardiology Clinic
at the Chinese PLA General Hospital, China. In this inves-
tigation, the mutational screening of tRNAIle gene led to
the identification of the known hypertension-associated
A4295G mutation in one Han Chinese pedigree. To assess
the contribution that mtDNA variants make toward the
phenotypic expression of the A4295G mutation, we per-
formed a PCR amplification of fragments spanning entire
mitochondrial genome and subsequent DNA sequence
analysis in this family.

Materials and methods

Subjects. As a part of genetic screening program for hypertension, a
Han Chinese family (Fig. 1) was ascertained at the Institute of Geriatric
Cardiology of Chinese PLA General Hospital. Informed consent, blood
samples and clinical evaluations were obtained from all participating
family members, under protocols approved by Ethic Committee of Chi-
nese PLA General Hospital and the Cincinnati Children’s Hospital
Medical Center Institute Review Board. Members of this family were
interviewed and evaluated to identify both personal or medical histories of
hypertension and other clinical abnormalities. The 242 control DNA
samples were obtained from a panel of unaffected individuals from Chi-
nese ancestry.

Measurements of blood pressure. Members of this Chinese family
underwent a physical examination, laboratory assessment of cardiovas-
cular disease risk factors, and routine electrocardiography. A physician
measured the systolic and diastolic blood pressures of subjects using a
mercury column sphygmomanometer and a standard protocol. The first
and the fifth Korotkoff sounds were taken as indicative of systolic and
diastolic blood pressure, respectively. The average of three such systolic
and diastolic blood pressure reading was taken as the examination blood
pressure. Hypertension was defined according to the recommendation of
the Joint National Committee on Detection, Evaluation and Treatment of
High Blood Pressure (JNC VI) [15] and the World Health Organization-
International Society of Hypertension [16] as a systolic blood pressure of
140 mm Hg or higher and/or a diastolic blood pressure of 90 mm Hg or
greater.

Mutational analysis of mitochondrial genome. Genomic DNA was
isolated from whole blood of participants using Puregene DNA Isolation
Kits (Gentra Systems, Minneapolis, MN). First, subject’s DNA fragments
spanning the entire mitochondrial tRNAIle gene were amplified by PCR
using oligodeoxynucleotides corresponding to positions 3396–3415 and
4635–4654 [17]. PCR fragments were purified and subsequently analyzed
by direct sequencing analysis. The allelic frequency of the A4295G
mutation in 242 Chinese controls was determined as detailed elsewhere
[11]. The entire mitochondrial genomes of the proband carrying A4295G
mutation were PCR amplified in 24 overlapping fragments by use of sets
of the light-strand and the heavy strand oligonucleotide primers, as
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Fig. 1. The Chinese pedigree with hypertension. Affected individuals are
indicated by filled symbols. Arrowhead denotes proband.
described elsewhere [17]. Each fragment was purified and subsequently
analyzed by direct sequencing in an ABI 3700 automated DNA sequencer
using the Big Dye Terminator Cycle sequencing reaction kit. The resultant
sequence data were compared with the updated consensus Cambridge
sequence (GenBank Accession No. NC_001807) [18].
Results

Clinical presentation

The proband (II-1) began suffering from hypertension at
the age of 36 years old. He came to the Geriatric Cardiol-
ogy clinic of Chinese PLA General Hospital for further
clinical evaluations at the age of 51 years old. His blood
pressure was 210/120 mm Hg. Physical examination, labo-
ratory assessment of cardiovascular disease risk factors,
and routine electrocardiography showed no other clinical
abnormalities, including diabetes, vision and hearing
impairments, renal and neurological disorders. Therefore,
he exhibited a typical essential hypertension. The family
is originated from Hebei Province in Northern China,
and the majority of family members live in the same area.
As shown in Fig. 1, this familial history is consistent with a
maternal inheritance. None of the offspring of affected
fathers has a hypertension, while all matrilineal relatives
exhibited hypertension as the sole clinical symptom. In
Fig. 2. Identification of the A4295G mutation in the mitochondrial
tRNAIle gene. (A) Partial sequence chromatograms of tRNAIle gene from
affected individual II-1 and a married-in-control II-2. An arrow indicates
the location of the base changes at position 42,95. (B) The location of the
A2955G mutation in the mitochondrial tRNAIle. Cloverleaf structure of
human mitochondrial is derived from Florentz et al. [20]. Arrow indicates
the position of the A2955G mutation.
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addition, the age at onset of hypertension in this family
varies from 30 years to 56 years. There is no evidence that
any member of this family had any other known cause to
account for hypertension.

Mitochondrial DNA analysis

The maternal transmission of hypertension in this family
suggested the mitochondrial involvement and led us to ana-
lyze the mitochondrial genome of matrilineal relatives.
First, we performed the mutational analysis of tRNAIle

gene by PCR amplification and subsequent sequence anal-
ysis of the PCR fragments derived from proband II-1 and
one unrelated Chinese control. As shown in Fig. 2A, the
known A4295G mutation in the tRNAIle gene was identi-
fied in this Chinese subject. The frequency of this mutation
in Chinese control population was then examined by
sequencing the PCR fragment spanning the tRNAIle gene.
This mutation was absent in 242 Chinese controls. The
A4295G mutation, as shown in Fig. 2B, is located at imme-
diately 30 end to the anticodon, corresponding to conven-
tional position 37 of tRNAIle [19,20]. Phylogenetic
analysis, as shown in Fig. 3, revealed that an adenine at this
position is an extraordinarily conserved base in every
sequenced isoleucine tRNA from bacteria to human mito-
chondria [19,20]. Interestingly, the nucleotide at the posi-
tion 37 is more prone to modification that those at other
places of tRNA [21]. In fact, the nucleotide modification
at this position has been shown to play a pivotal role in
Species Acc-stem D-
stem \
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stem

Ac-
stem

Ant
lo

1 8 10 22 26 27 32    
Artibeus
Jamaicensis AGAAATA TG TCTG ATAA AAGA G TTACT TTGA
Bos taurus AGAAATA TG TCTG ACAA AAGA G TTACT TTGA
Felis catus AGAAATA TG TCTG ACAA AAGA G TTACT TTGA
Gorilla gorilla AGAAATA TG TCTG ATAA AAGA G TTACT TTGA
Hippopotamus
amphibius AGAAATA TG TCTG ACAA AAGA A TTACT TTGA
Homo sapiens AGAAATA TG TCTG ATAA AGAA G TTACT TTCA
Macropus
robustus AGTAAGG TC AGCT AAATA AGCT A TCGGG CCCA
Mus musculus AGAAATA TG TCTG ATAA AAGA A TTACT TTGA
Oryctolagus
cuniculus AGAAATA TG TCTG ATAA AAGA G TTACT TTGA
Pan
troglodytes AGAAATA TG TCTG ATAA AAGA A TTACT TTGA
Papio
hamadryas AGAAATA TG TCTG ACAA AAGA G TTACT TTGA

Rattus
norvegicus AGAAATA TG TCTG ACAA AAGA G TTACT TTGA
Rhinoceros
unicornis AGAAATA TG TCTG ACAA AAGA G TTACT TTGA
Sus scrofa AGAAATA TG TCTG ACAA AAGA G TTACT TTGA

Fig. 3. Alignment of tRNAIle genes from different species. Arrow indicates th
A4295G mutation.
the stabilization of tertiary structure and the biochemical
function of tRNA [21].

To determine the role of mitochondrial variants/haplo-
types in the phenotypic manifestation of the A4295G muta-
tion, the DNA fragments spanning the entire mtDNA of
the proband II-1 were PCR amplified. Each fragment
was purified and subsequently analyzed by direct sequence.
As shown in Table 1, the comparison of the resultant
sequences with the Cambridge consensus sequence identi-
fied a number of nucleoside changes, belonging to the East-
ern Asian haplogroup D4j [22]. Of these nucleoside
changes, there were seven polymorphisms in the D-loop
region, two variants in the 12S rRNA gene, two variants
in the 16S rRNA gene, the A14693G mutation in tRNAGlu

gene, 12 silent mutations and 7 minsense mutations in pro-
tein encoding genes [23]. These variants in tRNA, rRNAs,
and polypeptides were further evaluated by phylogenetic
analysis of these variants and sequences from other organ-
isms including mouse [24], bovine [25] and Xenopus laevis

[26]. None of variants in the polypeptides were highly evo-
lutionarily conserved and implicated to have significantly
functional consequence. However, the ND4 G11696A
mutation was implicated to be associated with Leber’s
hereditary optic neuropathy (LHON) [27]. Furthermore,
the A14693G mutation occurs at the extremely conserved
nucleotide (conventional position 54) of the TwC-loop of
tRNAGlu [19,20]. The A14693G mutation was implicated
to be associated with mitochondrial disorders [28,29] and
to influence the phenotypic expression of the deafness-asso-
icd-
op

Ac-
stem

T-stem T-loop T-stem Acc-stem

    37 39 44 49 61 66 73

TAG AGTAA ATTAT AGGGG CTAAATT CCCCT TATTTCT A
TAG AGTAA ATAAT AGAGG TTCAAAC CCTCT TATTTCT A
TAG AGTAA AACAT AGAGG TTTAAAC CCTCT TATTTCT A
TAG AGTAA ATAAT AGAGG TTTAAAC CCCCT TATTTCT A

TAG AGTAA ATAAT AGAGG TTCAAGC CCTCT TATTTCT A
TAG AGTAA ATAAT AGGAG CTTAAAC CCCCT TATTTCT A

TAC CCCGA AAAT GTTGG TTTACAT CCTTC CCATACT A
TAG AGTAA ATTAT AGAGG TTCAAGC CCTCT TATTTCT A

TAG AGTAA ATAAT AGAGG ATCTTAGC CCTCT TATTTCT A

TAG AGTAA ATAAT AGGAG TTCAAAT  CCCCT TATTTCT A

TAG AGTAA ACAAT AGAGG CCCCAAT  CCTCT TATTTCT A

TAG AGTAA ATAAT AGAGG TTTAAAT CCTCT TATTTCT A

TAG AGTAA ATAAT AGAGG TTTAAAC CCTCT TATTTCT A
TAG AGTAA AACAT AGACG TTCAAAC CCTCT TATTTCT A

e position of the A37 at the anticodon loop of tRNA, correspond to the



Table 1
mtDNA variants in one Chinese subject with hypertension

Gene Position Replacement Conservationa

H/B/M/X
Previously
reportedb

D-loop 73 A to G Yes
263 A to G Yes
310 T to CTC Yes
489 T to C Yes

16,051 A to G Yes
16,223 C to T Yes
16,362 T to C Yes

12S
rRNA

750 A to G A/A/G/- Yes
1438 A to G A/A/A/G Yes

16S
rRNA

2706 A to G A/G/A/A Yes
3010 G to A G/G/A/A Yes

ND1 4048 G to A (Asp to Asn) D/N/Y/M Yes
tRNAIle 4295 A to G A/A/A/A Yes
ND2 4769 A to G Yes

4883 C to T Yes
5178 C to A (Leu to Met) L/T/T/T Yes

CO1 5993 C to T Yes
7028 C to T Yes

A6 8414 C to T (Leu to Phe) L/F/M/W Yes
A8 8860 A to G (Thr to Ala) T/A/A/T Yes
ND3 10,398 A to G (Thr to Ala) T/T/T/A Yes

10,400 C to T Yes
ND4 10,873 T to C Yes

11,509 C to T Yes
11,617 T to C (Ile to Met) I/I/I/I Yes
11,696 G to A (Val to Ile) V/T/T/M Yes
11,719 G to A Yes

ND5 12,501 G to A Yes
12,705 C to T Yes

ND6 14,668 C to T Yes
tRNAGlu 14,693 A to G A/A/A/A No
Cyt b 14,783 T to C Yes

15,301 G to A Yes
15,326 A to G (Thr to Ala) T/M/I/I Yes

a Conservation of amino acid for polypeptides or nucleotide for rRNAs,
in human (H), bovine (B), mouse (M) and Xenopus laevis (X).

b See http://www.mitomap.org.
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ciated 12S rRNA A1555G mutation [30] and the LHON-
associated ND1G3460A mutation [31].
Discussion

In the present study, we have performed the clinical,
genetic, and molecular characterization of a Chinese family
with hypertension. The hypertension as a sole clinical phe-
notype was only present in all matrilineal relatives of this
three-generation pedigree, suggesting that the mtDNA
mutation(s) is the molecular basis for this disorder. The
mutational analysis of mitochondrial genome identified
the A4295G mutation in the tRNAIle gene in matrilineal
relatives of this Chinese family. Indeed, this mutation
was initially identified in a family with hypertrophic cardio-
myopathy [11] and subsequently in a Finnish family with
occipital stroke [12]. In fact, the occurrence of the
A4295G mutation in these genetically unrelated pedigrees
affected by cardiovascular disease but absence of 242 Chi-
nese controls strongly indicates that this mutation is
involved in the pathogenesis of cardiovascular disease.

The A4295G mutation is localized at 30 end adjacent to
the anticodon (position 37) of tRNAIle [19,20]. In fact, the
adenine at this position of tRNAIle is extraordinarily con-
served from bacteria to human mitochondria [20]. Almost
all of A37 in tRNAs are modified, such as thiolation and
methylation [21]. Indeed, this modified nucleotide contrib-
utes to the high fidelity of codon recognition, the structural
formation and stabilization of functional tRNAs [32]. In
Escherichia coli, nucleotide modifications at positions 37
and 34 are responsible for the stabilization of the canonical
loop structure in the anticodon domain of tRNALys [33].
Also, it has been shown that the modification of A37 stabi-
lizes the 30 stacking features of the anticodon, thereby
improve its interaction with codon [34]. The deficient mod-
ification of A37 decreased the activity of the corresponding
tRNA [35] and increased +1 frameshifts for tRNAPhe [36],
while the A-to-G substitution at position 37 led to a tenfold
reduction in the section of tRNAs at the A-site [37]. Most
recently, �50% reduction in the level of tRNAMet was
observed in cells carrying the tRNAMet A4435G mutation
[38]. The lower level of tRNAMet in cells carrying the
tRNAMet A4435G mutation most probably results
from a defect in nucleotide modification at position 37 of
tRNAMet. Therefore, the A4295G mutation may lead to
a failure in mitochondrial tRNA metabolism and impair-
ment of mitochondrial translation, thereby causing mito-
chondrial dysfunctions [11].

Furthermore, the mitochondrial variants/haplotypes
have been shown to influence the phenotypic manifesta-
tion of the primary mtDNA mutations. In particular,
the ND4 G11696A was associated with LHON in the
Chinese families with extremely low penetrance of vision
loss [28] and was implicated to act in synergy with the pri-
mary LHON-associated ND4 G11778A mutation [39]. In
addition, the tRNAGlu A14693G mutation occurs at the
extremely conserved nucleotide (conventional position
54) of the TwC-loop of tRNAGlu [19,20]. The A14693G
mutation was implicated to be associated with mitochon-
drial disorders [28,29]. The U-to-C mutation at position
14693 occurs at the first base (conventional position 54)
of the TwC-loop of tRNAGlu. In fact, nucleotides at posi-
tion of 54 of the TwC-loop of tRNA are often modified,
thereby contributing to the structural formation and sta-
bilization of functional tRNAs [21]. Thus, the alteration
of structure of these tRNAs by the A14693G mutation
may lead to a failure in tRNA metabolism. Most recently,
we suggested that the A14693G may play a modifying
role in the phenotypic manifestation of the deafness-asso-
ciated 12S rRNA A1555G mutation [30] and the LHON-
associated ND1 G3460A mutation [31] in the Chinese
families. Therefore, the combination of the A4295G
mutation in the tRNAIle gene with the ND4 G11696A
mutation and tRNAGlu A14693G mutation may contrib-
ute to high penetrance of hypertension in this Chinese
family.

http://www.mitomap.org
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