
Chinese Medical Journal ¦ October 20, 2017 ¦ Volume 130 ¦ Issue 20 2435

Original Article

IntroductIon

The mitochondrion is the cell organelle responsible for 
energy production. Human mitochondrial DNA (mtDNA) 
genome is a 16,569 base‑pair circular double‑stranded 
molecule. Unlike nuclear DNA, mtDNA is more susceptible 
to oxidative and other genotoxic damage due to lack of 
protective histones and efficient repair mechanisms. Each 
mitochondrion contains 2–10 mtDNA molecules. The 
content of mtDNA per cell is mainly measured in copy 
number, which ranges from 102 to 104 depending on the 
cell type and tissue origin.[1] mtDNA copy number variation 
in peripheral blood has also been shown to be associated 
with various disorders. Previous studies indicated that 
alteration in mtDNA copy number (increased or decreased) 
might contribute to tumorigenesis.[2,3] Low peripheral blood 
mtDNA content may be linked to several aging‑associated 
disorders, such as cardiovascular disease,[4] type 2 diabetes,[5] 

and metabolic syndrome.[6] Moreover, the mtDNA copy 
number has been shown to be associated with physical and 
mental health status. It has been reported that increased 
mtDNA copy number in the blood is associated with higher 
cognition in elderly women[7] and better health and longevity 
among the elderly.[8]

It is known that molecular defects in mitochondrial or nuclear 
genes could lead to mitochondrial genetic disease, resulting 
in decreased ATP production and increased reactive oxygen 
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species generation in the mitochondria. Altered mtDNA 
levels may directly contribute to pathogenesis by causing an 
increased immune response.[9] If mtDNA levels decline or 
oxidative damage accumulates to a critical point in the cell, 
mitochondrial dysfunction and defective energy metabolism 
may appear.[10] It has been shown that an alteration in 
mtDNA copy number in leukocytes might reflect the same 
alteration in affected tissues during the progression of 
mitochondrial diseases. Liu et al.[11] showed that mtDNA 
copy number in leukocytes of patients with MELAS or 
MERRF syndrome was significantly higher in young people 
but lower at an advanced age. Liu et al.[12] found that a low 
wild‑type mtDNA copy number in blood was associated with 
increased frequencies of three major symptoms, namely, 
seizures, myopathy, and learning disability, in patients with 
m.3243 A>G. In conclusion, mtDNA copy number could be 
a biomarker of mitochondrial dysfunction.[9]

The mitochondrial depletion syndromes (MDSs) are a 
clinically heterogeneous group of mitochondrial disorders 
characterized by a severe quantitative reduction of total 
mtDNA copy number. Several nuclear genes involved in 
mtDNA biosynthesis and maintenance are associated with 
MDS. A definitive diagnosis of MDS is difficult due to its 
genetic and clinical heterogeneity. For clinical purposes, 
mtDNA depletion has been defined as a residual mtDNA 
copy number of <30% relative to age‑matched controls.[13] 
However, the mtDNA content data obtained with different 
methodologies are not comparable between studies, and the 
age‑ and tissue‑related controls are hardly available.[14‑16] 
Thus, the normal reference interval of mtDNA copy number 
in peripheral blood is of great clinical significance in 
diagnosis and monitoring of mitochondrial disease and other 
disorders. We investigated two healthy control cohorts of 
200 minors and 200 adults. The aim of this study was to 
establish the reference range of mtDNA copy number in 
peripheral blood in healthy Chinese minors and adults. We 
subsequently used this range to evaluate mtDNA content in 
patients with molecularly proven MDS and mitochondrial 
disease patients with the m.3243A>G mutation.

Methods

Ethical approval
This study was approved by the Medical Ethics Committee of 
Peking University First Hospital. Informed written consent 
was obtained from all healthy controls and patients or their 
respective legal guardians.

Controls and patients cohorts
This study was conducted during 2015 to 2016. Four hundred 
blood samples (anticoagulated with EDTA‑K2) from healthy 
Chinese donors were collected from Peking University First 
Hospital and Beijing Children’s Hospital during a medical 
examination. Mitochondrial or other genetic diseases, as well 
as neurological diseases, hypertension, and diabetes mellitus 
were excluded. The age range was from 0.1 to 88.0 years. 
Donor samples were divided into two groups: the minors 

and adults groups. The minors group included 200 cases 
with a male:female ratio of 1:1 and an average age of 
6.2 years (0.1–17.9 years). The mean age of the adults group 
was 45.2 years (18.0–88.0 years) and the male: female ratio 
was 1.06:1. To study the correlation between mtDNA copy 
number and age, the samples were further categorized into 
eight groups, namely, 0–2.0, 2.1–6.0, 6.1–10.0, 10.1–17.9, 
18.0–30.0, 30.1–40.0, 40.1–50.0, and >50.0 years.

A total of 83 patients diagnosed with mitochondrial disease 
carrying the m.3243A>G mutation were included in this 
study. Their average age was 11.5 years (0.2–48.0 years). 
The whole blood samples of these patients were collected 
from 2009 to 2013. The total DNA was extracted and 
kept at −80°C until measurements. We also analyzed four 
minor patients (0.5–4.0 years) with MDS carrying two 
mutations in one of four nuclear genes that cause mtDNA 
depletion (POLG, DGUOK, TK2, and SUCLA2).

Mitochondrial DNA copy number quantification by 
real‑time quantitative polymerase chain reaction
For all the whole blood samples, total DNA (including 
nuclear and mitochondrial genomic gene) was extracted 
by TIANamp Blood DNA Kit (TIANGEN Biotech, 
Beijing, China). The absolute mtDNA copy number was 
measured by a quantitative real‑time polymerase chain 
reaction (PCR)‑based method as previously described.[12,17] 
mtDNA was quantified as the ratio of a mitochondrial 
gene copy number (ND1) to a single‑copy nuclear 
gene (human β‑globin gene, HBB). mtDNA copy number 
per cell was calculated by the formula 2×ND1/HBB. 
The specific primers and probes used were as follows: 
ND1: F 5’‑ATTCGATGTTGAAGCCTGAGACT‑3’, 
R 5’‑TGACCCTTGGCCATAATATGATT‑3’, probe 
5’‑FAM‑TTCGGACTCCCCTTCG GCAAGG‑TAMRA‑3’; 
H B B :  F  5 ’ ‑ A C C T C A A G G G C A C C T T T G C ‑ 3 ’ , 
R  5 ’ ‑ A A A A C AT C A A G C G T C C C ATA G A C ‑ 3 ’ , 
p r o b e  5 ’ ‑ F A M ‑ C A C T G T G A C A A G C T G 
CACGTGGATCC‑TAMRA‑3’. The 20‑μl PCR reaction 
solution contained 2× Taqman Universal PCR Master 
Mix, 500 nmol/L of each primer, 200 nmol/L Taqman 
Probe, and 20‑100 ng of total DNA. PCR conditions were 
2 min at 50°C, 10 min at 95°C, followed by 40 cycles of 
15 s denaturation at 95°C and 60 s annealing/extension 
at 60°C. Real‑time quantitative analysis was performed 
on Roche LightCycler 480. Two recombinant plasmids 
containing ND1 and HBB genes were used as standards 
for quantitative PCR (qPCR). The concentration of the 
purified plasmid DNA was determined by NanoDrop 
2000 spectrophotometer (Thermo Scientific, Wilmington, 
DE, USA). The plasmid copy number in solution was 
derived from its molar concentration and the Avogadro 
constant. The standard curves were constructed using a 
serial dilution of 108, 107, 106, 105, 104, and 103 copy number 
standards for ND1 and HBB genes.

Each DNA sample was quantified in triplicates using either 
ND1 or HBB primers in parallel reactions. The acceptable 
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Reference range of mitochondrial DNA copy number in 
peripheral blood
The mtDNA copy number range in both the minor and 
adult control groups followed a normal distribution when 
transformed to lg values [Figure 2a]. The results of normality 
test were as follows: minor group P = 0.062 and adult 
group P = 0.200. In blood, mtDNA copy number decreased 
with age in healthy population (R2 = 0.130, P = 0.043). 
The mtDNA copy number (lg) in the minor group was 
significantly higher than that in adults (t = 2.086, P = 0.038). 
The mean and standard deviation (SD) from both groups 
were expressed as 2.51 ± 0.14 and 2.46 ± 0.12, respectively. 
There were no differences in copy numbers between males 
and females in both two groups (P > 0.05). The reference 
range of mtDNA copy number in peripheral blood was 
calculated as mean ± 1.96 SD, which ranged 175–602 copies/
cell (mean: 325 copies/cell) in minors and 164–500 copies/
cell (mean: 287 copies/cell) in adults.

The total control samples were further categorized into 
eight groups according to age, with nearly 50 cases in each 
group [Figure 2b]. The mean mtDNA copy number (lg) in 
each group was 2.58, 2.52, 2.49, 2.49, 2.46, 2.48, 2.47, and 
2.41, respectively. The ANOVA result showed a significant 
difference in mean copy numbers among groups (F = 4.470, 
P < 0.05). Furthermore, the LSD t‑test results showed that the 
mtDNA copy number significantly decreases since the first 
2 years of life (t = 2.040, P = 0.042) and remained almost 
unaltered before 50 years old. Individuals after 50 years 
old showed the lowest level of mtDNA content (t = 2.230, 
P = 0.047).

Mitochondrial DNA copy number in mitochondrial 
disease patients
Mitochondrial disease patients with the m.3243A>G 
mutation were divided into two groups, namely, 70 minors 
and 13 adult patients. The mtDNA copy number in 
m.3243A>G patients was significantly higher than that in 

coefficient of variance of the triplicate threshold cycle (Ct) 
values was set at 5%. If a result was out of the acceptable 
range, the run was repeated for that particular sample. 
The result of mtDNA copy number per cell is shown in a 
logarithmic scale (lg).

Statistical analysis
Statistical analyses were performed with SPSS 
version 16.0 (Chicago, IL, USA). The mtDNA copy numbers 
were log‑transformed into a normal distribution. Normality 
was tested using the Kolmogorov‑Smirnov method. 
Independent t‑test was used to compare mtDNA copy 
numbers between males and females. A linear regression 
analysis was used to investigate the effect of age on mtDNA 
copy number.[18] One‑way analysis of variance (ANOVA), 
followed by the least significant difference (LSD) test, was 
used to compare the mean copy number among the eight age 
groups. A P < 0.05 was considered statistically significant.

results

Accuracy of the real‑time quantitative polymerase chain 
reaction method for measurement of mitochondrial DNA 
copy number
The amplification and standard curves of ND1 
nuclear [Figure 1a] and HBB mitochondrial genes [Figure 1b] 
in plasmids are shown in Figure 1. For each standard curve, 
a straight linear correlation was observed with R2 > 0.998. 
Three samples were assayed to assess the reproducibility of 
qPCR. To assess intra‑assay variation, we assayed each of the 
three DNA samples in six replicates in one run. Furthermore, 
we assayed the same three DNA samples in triplicates in 
six separate runs to evaluate inter‑assay variation. Good 
reproducibility was observed in both intra‑ and inter‑assays. 
The intra‑assay coefficients of variation of Ct values ranged 
1.6–2.0% and 1.4–2.1% for ND1 and HBB genes, respectively. 
The inter‑assay coefficients of variation of Ct values ranged 
2.9–3.3% and 2.7–3.4% for ND1 and HBB genes, respectively.

Figure 1: Amplification and standard curves for nuclear and mitochondrial genes in plasmids. The amplification and standard curves were obtained 
by a dilution of standards ranging 103–108 for ND1 nuclear gene (a) and HBB mitochondrial gene (b) separately.
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the control group [Figure 3]. The minor patients had a 32% 
increase in mtDNA copy number than the corresponding 
controls (2.63 ± 0.21). Adult patients had a 38% increase 
over the corresponding controls (2.60 ± 0.16).

Minor patients with two mutations in POLG, DGUOK, TK2, 
and SUCLA2 genes showed a wide phenotypic spectrum, 
including Alpers’ syndrome, early‑onset hepatocerebral 
disease, myopathy, and ophthalmoparesis. Their mtDNA 
copy number was 81, 123, 104, and 79 copies/cell, 
respectively. Compared with the mean mtDNA copy 
number (325 copies/cell) in healthy minors, the mtDNA 
content in MDS patients was reduced to 25%, 38%, 32%, 
and 24%, respectively.

dIscussIon

Several studies have reported changes in mtDNA copy 
number in blood for various diseases.[2,3] However, normal 
range comparable data between studies are not available 
as a result of different quantitative methods and lack of 
appropriate healthy controls. Aiming to establish clinical 
reference ranges of mtDNA copy number in blood to be 
used in clinical diagnosis and monitoring, we studied 
400 healthy Chinese controls, between 0.1 and 88.0 years 
old. To study the correlation between mtDNA copy number 
and age, we divided the normal population into several age 
groups, as in previous studies.[11,16] We found that there is a 
decreasing trend in the mtDNA copy number in blood with 
increasing age, particularly in 0–2‑year‑old and >50‑year‑old 
individuals. The mtDNA copy number negatively correlated 
with age in healthy populations, in accordance with previous 
studies.[19,20] Mengel‑From et al.[8] found that, in a Danish 
population, an age‑related decline in mtDNA copy number 
was observed from the age of 48 years. However, the 
population of this study consisted of individuals between 
18 and 93 years of age, excluding the minor population. 
Another study showed no association between mtDNA 
copy number and age in cases and controls, probably due to 
the narrow age span of the subjects (3–6 years old).[21] The 

precise mechanisms of mtDNA copy number decrease in 
blood with aging are not clear. A previous study confirmed 
that maintenance of mtDNA copy number is essential 
for the preservation of mitochondrial function and cell 
growth.[22] It was speculated that low mtDNA copy number 
among the elderly could indicate a low ATP production 
and mitochondrial gene expression.[8] A slight decrease in 
mtDNA copy number could result in a slowdown of the 
mitochondrial metabolism. Reduced mitochondrial activity 
leads to decreased reactive oxygen species production, in 
turn, protecting mitochondria against aging.[23]

We used real‑time qPCR with fluorescent probes which 
provided greater specificity than SYBR green to quantify 
mtDNA copy number. We performed an absolute 
quantification using a standard curve, which was more 
accurate than the relative determination calculated by the 
difference in Ct values between nuclear and mtDNA genes.[24] 
In this study, the mean mtDNA copy number in peripheral 
blood samples was 325 copies per cell in children and 
287 copies per cell in adults. The control samples’ absolute 

Figure 3: Mitochondrial DNA copy number in blood of healthy controls 
and mitochondrial disease patients with the m.3243A>G mutation. 
P value was determined by independent samples t‑test.

Figure 2: Mitochondrial DNA copy number in blood from 400 healthy Chinese individuals. (a) Linear regression analysis of mitochondrial DNA 
copy number with age and sex (n=400). (b) Mitochondrial DNA copy number in blood of various age groups.
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value was similar to previous reports. In previous study, 
the mean mtDNA content was 330 copies per cell in blood 
samples.[15] Liou et al.[25] reported about 350 mtDNA copies 
per cell in leukocytes.

The mean mtDNA copy number level in mitochondrial 
disease patients harboring the m.3243A>G mutation was 
significantly higher than that of minor and adult controls. The 
m.3243A>G mutation is the most frequent mitochondrial 
point mutation, which is often associated with multiorgan 
dysfunction. This mutation might result in the reduction of 
mtDNA‑encoded proteins and oxidative phosphorylation 
activity in mitochondrial translation. The dysfunctional 
mitochondria fail to generate sufficient ATP to meet the 
energy needs of various organs resulting in the multiorgan 
disease. Energy deficiency may stimulate mitochondrial 
proliferation leading to an increase in mtDNA copy 
number as a compensatory response.[26] However, altered 
mtDNA levels may contribute to enhanced oxidative stress 
and inflammation possibly playing a pathogenic role in 
mitochondrial dysfunction and disease.[9] Thus, the severity 
of the mitochondrial disease is related to mtDNA copy 
number in leukocytes.[11,16] Therefore, mtDNA copy number 
could be a predictive biomarker as well as a monitoring 
biomarker of mitochondrial dysfunction.

MDSs are a group of clinically heterogeneous autosomal 
recessive disorders that are characterized by a severe 
reduction in mtDNA copy number in the affected tissues 
and organs.[27] MDS has been associated with mtDNA 
maintenance caused by mutations in nuclear genes that 
function in either mitochondrial nucleotide synthesis 
or mtDNA replication. Several mutations in 12 nuclear 
genes have been found as responsible for encoding vital 
proteins to mtDNA maintenance.[28,29] Among these genes, 
TK2, DGUOK, and SUCLA2 genes encode proteins that 
maintain the mitochondrial dNTP pool, and POLG gene 
is essential for mtDNA replication. Mutations in TK2 are 
associated with mitochondrial myopathy, mutations in 
SUCLA2 are associated with mitochondrial encephalopathy, 
and mutations in POLG and DGUOK are associated with 
mitochondrial hepatoencephalopathy.[29] In the study, four 
MDS patients harboring two mutations in one of these genes, 
including POLG, DGUOK, TK2, and SUCLA2, showed a 
decrease to 25%, 38%, 32%, and 24% of mtDNA content in 
blood samples compared to the mean value in the reference 
population, respectively. Real‑time qPCR could be an 
effective method for detecting mtDNA depletion. With a 
50% mtDNA content cutoff in healthy controls’ liver tissue, 
mtDNA depletion was detected with a sensitivity of 100% 
and a specificity of 97%.[16] Despite the lack of sensitivity 
in blood samples, its specificity for the detection of MDS 
patients was also demonstrated in their study.[16] We suggest 
that mtDNA copy number in blood can be used to assist 
MDS diagnosis. However, the cutoff value in blood should 
be evaluated with a larger sample size.

Although mtDNA copy number can be measured in 
various tissues and body fluids, blood is a stable and 

easy‑to‑collect sample. As blood cells are in contact with 
the whole body and organs, they could reflect changes 
in mitochondrial function. The establishment of mtDNA 
copy number reference intervals in blood contributes 
to its application in clinical diagnosis and monitoring 
of mitochondrial disease as well as other diseases. 
mtDNA copy number in infants of 0–2 years and adults 
aged >50 years was significantly different from the other 
age groups. It is suggested to establish reference ranges 
for these two population groups independently. However, 
given our limited sample size for these two groups, we 
can only establish the reference intervals in minors and 
adults for clinical purposes.
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