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Characterization of conditions and determination of practical 
tips for mtDNA level estimation in various human cells*
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Determination of mtDNA copy number in the cell is 
crucial to understand many cellular processes. Recent-
ly, the number of studies with the use of mitochondrial 
DNA (mtDNA) content as the determinant of mitochon-
drial abnormalities increased greatly and is still grow-
ing, therefore, optimization of technical conditions for 
this analysis is crucial. Despite using similar laboratory 
protocols, some results cannot be compared between 
research centers, thus causing discrepancies in the as-
sessment of mtDNA content. The aim of this work was to 
test which conditions of biological sample collection and 
storage affect estimation of mtDNA level relative to the 
nuclear DNA (nDNA) in the blood samples and dermal 
fibroblasts. We found that the time and temperature of 
sample storage, as well as the type of the blood sample 
(whole blood or leukocytes) influence the estimate of 
mtDNA/nDNA ratio in the blood. In the case of dermal 
fibroblasts collected from healthy control and Hunting-
ton disease patients, our data indicate that the passage 
number of cells is essential to obtain reliable results.
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INTRODUCTION

The major role of mitochondria is to generate ATP 
through oxidative phosphorylation (OXPHOS) (Nicholls, 
2002; Wojtczak & Zabocki, 2008). Mitochondria are also 
involved in many other cellular processes, like cell pro-
liferation, energetic metabolism, apoptosis, calcium ho-
meostasis and regulation of signal cascades, which make 
the mitochondria extremely important organelles in the 
cell. Human mitochondria contain DNA (mtDNA) as 
a double-stranded 16.6 kb molecule which encodes 13 
proteins (subunits of the respiratory chain), 22 tRNAs 
and 2 rRNAs (crucial for protein synthesis) (Anderson et 
al., 1981). The mtDNA copy number varies in different 
cell types within the same individual, as well as in the 
same tissue type among the population. Besides specific 
energy demand, many other factors, like development, 

aging, health conditions, smoking cigarettes and endur-
ance training, may also have an impact on mtDNA level 
(Holloszy & Coyle, 1984; Battersby & Moyes, 1998; Lee 
et al., 2000; Masayesva et al., 2006; Morten et al., 2007).

Proper determination of mtDNA copy number in the 
cell is important for understanding many cellular pro-
cesses, and changes in mtDNA level can correlate with 
a wide range of human diseases like autism, heart failure, 
cancer, diabetes and neurodegenerative diseases (Chin-
nery & Samuels, 1999; Wallace, 2010; Greaves et al., 
2012; Chen et al., 2015; Huang et al., 2016; Pyle et al., 
2016; Jedrak et al., 2017). For mtDNA level estimation, 
real-time quantitative PCR (qPCR) is used to determine 
the ratio of mitochondrial genome to the nuclear DNA 
(Kalinowski et al., 1992; Zhang et al., 1994; Meissner et 
al., 2000; Chabi et al., 2003). Despite using the same 
method, many data that are available cannot be com-
pared between research centers due to the use of differ-
ent laboratory protocols, which may affect the mtDNA 
estimate. This causes discrepancies in the determination 
of mtDNA content in various diseases, like the Hunting-
ton disease (HD) (Chen et al., 2007; Liu et al., 2008; Pe-
tersen et al., 2014; Jedrak et al., 2017), or diabetes (Lee et 
al., 1998; Malik et al., 2009; Weng et al., 2009; Wong et 
al., 2009), and leads to an inability to clearly assess the 
mtDNA level in these disorders.

Due to the hypothesis that mtDNA content could 
be a biomarker of mitochondrial dysfunction (Malik &  
Czajka, 2013), it seems it is crucial to establish a com-
mon protocol of mtDNA level quantification. Although 
there are several published data on some of the factors 
that may impact proper mtDNA amount estimation 
(summarized in Table S1 at www.actabp.pl), there are 
still numerous issues in that quantification which need 
to be solved. The study presented here focuses on blood 
samples and cell cultures (fibroblasts) due to the ethi-
cal matters and facility of the use of these materials as 
potential biomarkers of various diseases. Blood and fi-
broblast collection from healthy persons and patients is 
not as greatly burdensome as other tissues, thus, these 
biological materials are the first choice in the search for 
non-invasive disease biomarkers. Furthermore, mtDNA 
level evaluation protocol from tissue biopsy is well de-
scribed in the literature (Grady et al., 2014; Gonzalez-
Hunt et al., 2016). 

This study concerns the appropriate methodology 
of mtDNA level examination in blood cells and fibro-
blasts which includes several factors affecting the proper  
mtDNA level investigation, like the time and conditions 
of blood sample storage, blood sample type used as a 
material (whole blood or leukocytes) and the fibroblasts’ 
passage number. 
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MATERIALS AND METHODS

Blood sample storage conditions and DNA iso-
lation. Human blood from 5 volunteers was collected 
into four tubes (filled with 4 ml EDTA), in duplicate, 
in the intervening period (day 0 and day 7). No subject 
changed their lifestyle during the 7 day period between 
blood sampling. Each sample has been stored under dif-
ferent conditions until DNA isolation procedure. The 
following conditions of sample storage before DNA ex-
traction were selected: (i) at most, 3 hours at room tem-
perature; (ii) 24 hours at 4°C; (iii) 3 days at –20°C; (iv) 
7 days at –80°C. A research process flow chart is shown 
in Fig. 1. 

After these periods, the blood sample was divided into 
2 samples, from one of which leukocytes were separated 
by LIZ-MIX, as reported previously (Jedrak et al., 2017). 
Total DNA was extracted from 200 µl of whole blood 
or leukocyte pellet suspended in the PBS buffer (Sigma-
Aldrich Co. LLC., St. Louis, USA) using QIAamp® 
DNA Mini (QIAGEN, Hilden, Germany), following the 
manufacturer’s protocol.

Cell cultures and DNA isolation. Fibroblasts were 
cultured in DMEM (Thermo Fisher Scientific Inc., Pais-
ley, UK), supplemented with 10% FBS (Thermo Fisher 
Scientific Inc., Paisley, UK), and 1% antibiotic/antimy-
cotic solution (Sigma-Aldrich Co. LLC., St. Louis, USA), 
and maintained under standard conditions. DNA isola-
tion was performed from fibroblasts: 6 cell lines col-
lected from healthy volunteers and 6 cell lines collected 
from the Huntington disease patients. DNA isolation 
was conducted at passage 9th and 15th for each cell line 
by QIAamp® DNA Mini (QIAGEN, Hilden, Germany), 
following the manufacturer’s protocol. 

Quantitative polymerase chain reaction. Quanti-
tative PCR was used to determine the relative mtDNA 
copy number in the whole blood, leukocytes and fibro-
blasts, as an estimation of threshold cycle (Ct) of nucle-
ar and mitochondrial single copy genes. The primer pair 
used in this study is presented in Table 1. The procedure 
was carried out using LightCycler® 480 SYBR Green I 
Master (La Roche Ltd. Basel, Switzerland), as described 
previously (Jedrak et al., 2017). The mtDNA copy num-
ber was calculated using the formula:
2ΔCt (ΔCt= Ct(nuclear gene)-Ct(mitochondrial gene))

as the relative ratio of mtDNA to the nuclear DNA in 
whole blood, leukocytes and fibroblasts.

Statistical analysis. Statistical analyses were per-
formed using Statistica 12. Due to high variation in 

mtDNA amount among individuals, raw data were log 
transformed. Normality of distribution was tested with 
the Shapiro-Wilk tests, while homogeneity of variance 
was verified by the Levene test. To compare results 
from the two blood donations, “repeated measures”  
t-test was used. When 2 independent groups were com-
pared depending on the data distribution and homogene-
ity of variance, the t-test or U Mann–Whitney test were 
performed. To analyze more than 2 groups, ANOVA 
with sensitive post-hock NIR (least significant differ-
ences) was used. 

Bioethical consent of participants. The study was 
approved by the local Ethics Committee of the Medical 
University of Gdansk (NKEBN/254/2011 and NKE-
BN/254-431/2012) and was conducted according to 
the tenets of the Helsinki Declaration. Written informed 
consents were obtained from participants prior to the 
study procedure.

RESULTS 

Reproducibility of the mtDNA level calculation in 
samples collected at 7 day time interval

mtDNA amount was determined in samples collected 
from each volunteer on two separate days (day 0 and 
day 7). We intended to verify if mtDNA amount in the 
blood changes within a short time period (7 days) de-
pending on the sample storage conditions. There was 
no significant difference in mtDNA level between blood 
samples derived from the same person in the 7 day in-
terval, regardless of the blood sample type used (whole 
blood or leukocytes), except when blood was stored 
for 3 days at –20°C (“repeated measures” t-test). Under 
these conditions, mtDNA level changed in time regard-
less of the blood sample type (Fig. S1, at www.actabp.
pl). These results indicate that in samples from healthy 
people, during the short time period, the mtDNA level 
is constant except when the sample was stored at –20°C. 
Therefore, these sample storage conditions were not 
considered in further analysis. 

Influence of the use of different blood sample types on 
mtDNA content  

Total DNA was extracted from the whole blood, as 
well as leukocytes of each sample. Significant differences 
in mtDNA/nDNA ratio between DNA extracted from 
whole blood and leukocytes were observed in non-fro-
zen blood samples when DNA was extracted after 3 h 

Figure 1. Research process flow chart. 
Samples were taken from each volunteer at two separate days, day 0 and day 7 (I – Blood sampling) and have been stored under four 
different conditions before DNA isolation (II – Storage conditions). Total DNA was extracted from whole blood and the leukocytes (III – 
Type of blood sample). The dotted lines indicate conditions which we discourage for blood sample storage.
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and 24 h. Under those conditions, mtDNA amount was 
higher when DNA was extracted from whole blood than 
from leukocytes (Fig. 2a).

Influence of blood sample storage conditions on 
mtDNA level

We aimed to check whether blood sample storage 
conditions may have an impact on mtDNA level. Due 
to differences between mtDNA amount depending on 
the blood sample type, the results obtained from this 
analysis should be discussed separately for DNA samples 
extracted from whole blood and leukocytes (Fig. 2b).

When DNA was isolated from whole blood, statisti-
cally significant changes in mtDNA amount were present 
between samples isolated after 3 h and 24 h, however, 
this difference was not observed in the case of leuko-
cytes. For both sample types, significant differences in 
mtDNA amount were detected after freezing the sam-
ples at –80°C and when DNA isolation was conducted 
up to 3 h after blood donation. Earlier analysis showed 
that blood storage for 3 days at –20°C should be exclud-
ed, however, it is important to note that mtDNA level 
in frozen samples (either at –20°C or –80°C) was com-
parable regardless of using whole blood or leucocytes as 

the starting material. It 
testifies to the fact that 
freezing of the sample, 
irrespective of tempera-
ture and storage time, 
significantly affects the 
mtDNA level estima-
tion and can disrupt 
analysis of results.

Influence of fibroblast 
passage number on mtDNA level estimation

Total DNA isolation was performed from cells at the 
9th and 15th passages. There were no significant dif-
ferences in mtDNA amount in healthy individuals re-
gardless of the number of passages at which DNA was 
extracted. However, there was a significant increase in 
mtDNA level in HD patients between the 5th and 9th, 
as well as the 5th and 15th passage (Fig. 3). It appears 
that mtDNA level in cells from HD patients can change 
when culturing cells for several passages, and can reach 
the level typical for healthy subjects.

DISCUSSION

Our aim was to investigate the impact of blood sam-
ple type used for the DNA extraction (whole blood or 
leukocytes), blood sample storage conditions and influ-
ence of passage number of fibroblasts on mtDNA level 
estimation. 

First, we wanted to test whether the obtained results 
are reproducible after a 7 day period, depending on 
the sample storage conditions. There was no change in 

Table 1. Primer sequences. mt – mitochondrial, n – nuclear, F/R – forward/reverse primer

Gene symbol 
(origin) Reference Primer sequence  (5’-3’) Amplicon size (bp)

16S rRNA (mt)

β-hemoglobin
(n)

(Jedrak et al, 2017) F: CGAAAGGACAAGAGAAATAAGG
R: CTGTAAAGTTTTAAGTTTTATGCG
F: CAACTTCATCCACGTTCACC
R: GAAGAGCCAAGGACAGGTA

151

267

Figure 2. Influence of choosing blood sample type for DNA isolation (a) and blood sample storage conditions (b) on mtDNA level. 
Panel a; type of blood sample (whole blood – WB or leukocytes – L); the Mann Whitney test on log-transformed data: *p<0.05, **p<0.01, 
***p<0.001. Panel b; blood sample storage conditions based on the same data as shown in panel a; ANOVA with post-hock NIR on log-
transformed data; *p<0.05; ** p<0.01; ***p<0.001.



702           2017P. Jędrak  and coworkers

mtDNA level estimated in the blood sample collected 
from the same person, except when blood was stored 
for 3 days at –20°C. It seems that freezing a blood 
sample at –20°C and/or its subsequent de-freezing may 
influence mtDNA and/or nDNA degradation in an ir-
reproducible manner. This might be due to cell damage 
when they are thawed, which causes leakage of mtDNA, 
nDNA and enzymes, including nucleases, and unpredict-
able efficiency of mtDNA and nDNA cleavage.

Next, we tested whether the blood sample type from 
which DNA was isolated – whole blood or leukocytes, 
may impact mtDNA content evaluation. Our results cor-
roborate those reported previously (Andreu et al., 2009) 
and show that mtDNA level is higher when DNA ex-
traction was performed from whole blood. This can be 
caused by the presence of platelets in whole blood, as 
well as a possible extracellular nDNA and ntDNA re-
lease in the serum and plasma (Chiu et al., 2003; LO, 
2006). Due to those reasons, we recommend using leu-
cocytes as a sample for DNA extraction. These results 
also indicate that conclusions drawn from previously 
conducted experiments should be sorted depending on 
the material used for DNA isolation.

We tested whether time and temperature of blood 
sample storage may have an impact on mtDNA amount 
calculation. Our results show that freezing of the sam-
ple before DNA isolation significantly affects mtDNA 
level compared to the samples for which the extraction 
started up to 3 h after blood sampling, regardless of the 
blood sample type (whole blood or leukocytes). This ob-
servation suggests that freezing of the blood has adverse 
effects and the use of frozen blood (whether at –20°C 
or –80°C) for this type of analysis can lead to false con-
clusions. In terms of not frozen material, the significant 
differences in mtDNA amount between samples isolated 
up to 3 h and 24 h after collection were observed in 
whole blood. However, due to a small group of vol-
unteers (5 subjects), we cannot exclude that the 24 h 

time period before DNA isolation may be also crucial 
for samples where DNA was extracted from leukocytes. 
One should note that conducting DNA isolation from 
blood collected at a medical center is often not possible, 
and transport of the samples to a research institution is 
associated with the passage of time which can be crucial 
for proper mtDNA content estimation. Longer storage 
time of the blood sample may result in a different degra-
dation of both, the nuclear and mitochondrial DNA, and 
lead to altered results. 

To check the impact of passage number on mtDNA 
level quantification, we performed DNA isolation from 
6 fibroblast cell lines taken from HD patients and 6 con-
trol cell lines (which were used in our previous study) 
at higher passages – 9th and 15th, and conducted quan-
tification (Jedrak et al., 2017). We decided to use HD 
fibroblast to check whether mtDNA level may change 
during passaging cells collected from patients. Our result 
showed that there were no differences in mtDNA levels 
between healthy volunteers in the DNA extracted from 
cells at the 9th and 15th passages when compared to re-
sults obtained from the 5th passage. (Jedrak et al., 2017). 
The median level of mtDNA in control cells was not 
changed significantly during passaging (passage 5=2.367; 
passage 9=2.459; passage 15=2.340), however, in HD 
cells the mtDNA amount increased during culturing, and 
the median value approached a value characteristic for 
healthy subjects, (passage 5=2.255; passage 9=2.2498; 
passage 15=2.398). Our recent studies show that the 
reduced mtDNA level in HD patients observed in the 
fresh material was blurred with increasing passages. 

CONCLUSIONS

Our practical knowledge of the limitations associated 
with the collection of biological material from patients 
who are often in the advanced stage of the disease led 

Figure 3. Influence of fibroblast passage number on mtDNA content evaluation. The Mann Whitney test on log-transformed data: 
*p<0.05, **p<0.01, ***p<0.001.

Table 2. Practical guidelines for using a blood sample and cell lines as a material for mtDNA level estimation.

Methodical issue Recommendations

Time between the collection of the blood sample until the 
beginning of DNA isolation Max 3 h

Temperature conditions for storage of samples Room temperature (max 3 h), avoid freezing the sample

DNA extraction method Silica column method

Cell type (whole blood/leukocytes) Note the difference between cell type (leukocytes are recommended)

Passage number at which DNA should be isolated from cells The lowest possible passage (<5)
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us to attempt to design a practical guideline to help re-
searchers to achieve optimal blood sampling protocol. 
Due to high variation in mtDNA amount among indi-
viduals (including healthy population) we recommend 
that correlation of mtDNA level with the severity of 
different types of diseases should be performed with as 
large study group as possible. Choosing a fast and easy 
method of total DNA isolation (for example a column 
method) seems to be the most appropriate. This is also 
supported by the reports showing that the use of the 
column method to isolate total DNA does not disrupt 
the mitochondrial/nuclear genome ratio (Andreu et al., 
2009). We propose that for an accurate mtDNA content 
quantification, immediate DNA isolation from the blood 
sample is required. However, for practical purposes, 
we postulate that time of 3 h since blood collection to 
DNA isolation initiation can result in adequate mtDNA 
quantification and is sufficient to transport the sample 
to a given research institution and perform the proce-
dure. We do not recommend freezing of blood samples 
under any conditions. Moreover, the type of blood sam-
ple (whole blood or leukocytes) may have a significant 
influence on results and may be one of the reasons 
for problems with comparing results between research 
centers; therefore, researchers should keep this in mind 
when planning their study. For researchers intending to 
use fibroblasts as a material to detect potential changes 
in the mtDNA level in various diseases, we recommend 
that DNA isolation should be performed at the lowest 
possible passage, since the disease phenotype mtDNA 
level may lose its characteristic value during cell culturing 
under laboratory conditions. 

In summary, we have proposed practical tips for using 
the blood sample and cell lines as a material for mtDNA 
level estimation (summarized in Table 2). Moreover, we 
believe these recommendations will also help researchers 
in proper planning of the material collection since our 
study shows that this is an extremely important step in 
the analysis.
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