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Hypoxia is related to a variety of diseases, such as cardiovascular and inflammatory diseases and various cancers.
Telomere length (TL) may vary according to the hypoxia level and cell types. To the best of our knowledge, no
study has investigated the effect of moderate hypoxia on TL and mitochondrial DNA copy number (mtDNAcn) in
human lymphocytes. Therefore, in this study, we analyzed the effect of moderate hypoxia on TL in correlation
with mtDNAcn. This study included 32 healthy male nonsmoker’s subjects; in this cohort, we had previously
studied sister chromatid exchange and microsatellite instability. Blood samples from each subject were divided
into three groups: a control group and two experimental groups exposed to moderate hypoxia for 12 or 24 h.
Relative TL and mtDNAcn were measured by a quantitative real-time polymerase chain reaction. The TL in the
control group did not significantly differ from that in the experimental group subjected to hypoxia for 12 h;
however, the TL in the 24 h hypoxia-treated experimental group was significantly higher than that in the control
group. The correlation between TL and mtDNAcn was not statistically significant in the two hypoxic states. The
increase in TL was observed on exposure to hypoxia for 24 h and not for 12 h; thus, the findings suggest that
telomere elongation is related to hypoxia exposure duration. The mtDNAcn in the two experimental groups did
not significantly differ from that in the control group. These observations suggest that mtDNAcn alterations show
more genetic stability than TL alterations. To the best of our knowledge, this is the first in vitro study on human
lymphocytes reporting an increase in TL and no alteration in mtDNAcn after short-time exposure to moderate
hypoxia.

1. Introduction can cause cellular senescence or permanent growth arrest [6]. Previous

research has also shown a correlation between telomere length (TL) and

The ends of eukaryotic chromosomes are protected by telomeres,
which are cap-like nucleoprotein structures [1,2]. Telomeres are re-
petitive nucleotide sequences (5'-TTAGGG-3'), coated with a protein
complex termed shelterin, which consists of a group of six proteins,
including telomere repeat-binding factor 1(TRF1), telomere
repeat-binding factor 2 (TRF2), protection of telomeres protein 1
(POT1), TERF1-interacting nuclear factor 2 (TIN2), repressor/activator
protein 1(Rapl) and tripeptidyl-peptidase 1 (TPP1) [3]. Telomeres are
stabilized by telomerase enzyme through the addition of telomeric re-
peats at the ends of chromosomes [4]. Telomerase contains telomerase
RNA (TER), which serves as the template, and telomerase reverse
transcriptase (TERT), which elongates telomeric DNA. In many human
tissues, age-related telomere shortening has been observed because of
repeated cell division in the absence of TERT [5]. Telomere shortening

drug abuse, resulting in premature biological aging [7]. A recent study
in human peripheral blood mononuclear cells in vitro has shown that
specific natural compounds activate telomerase [8]. A previous study
has also shown that the nutraceutical supplements administration in
healthy adults may sustain the TL [9].

In addition to aging, telomere shortening is affected by the stress that
cells are subjected to because of factors like disease conditions, imbal-
ance in oxidative stress, noxious stimuli, energy limitations [10-13];
and the disturbance in telomere homeostasis is an etiological factor for
many human diseases [14]. The oxidative stress pathway was disturbed
in many diseases while approaching a balanced diet, lifestyle, and
melatonin supplementation can reduce oxidative stress [15-20]. Studies
have also shown an association with TL and infertility [21]. Several
studies have also looked at telomere shortening in many diseases and
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age-related diseases, such as diabetes, cardiovascular diseases (CAD),
rheumatoid arthritis, cancer, and psychiatric disorders [3,14,22-24].

Hypoxia is related to a wide range of conditions, such as cardiovas-
cular diseases, inflammatory diseases, and different cancer types. Telo-
merase activity is modulated by hypoxia for cell growth and survival
[25]. One study reported that various transcription factors could be
induced by oxygen depletion [26]. The study showed that in response to
hypoxia, different cell types respond differently [27]. Hypoxia is a
hallmark of acute and chronic diseases; it can be beneficial or harmful to
organ recovery, depending on the level and exposure time [28]. Hypo-
baric hypoxia due to high altitude alters oxygen homeostasis, stimulates
oxidative stress, and affects the human body. A study reported that the
leukocyte TL of Wistar rats significantly increased at moderate but not
high altitudes and suggested that a mild hypoxic state may increase TL
[29]. Some studies have shown that the presence of one or a few
dysfunctional telomeres in cells is sufficient to trigger a DNA damage
response, which can progress to a pathological process [30,31]. Un-
derstanding the mechanism by which healthy cells and organisms sur-
vive under hypoxic conditions would provide a concept that can be
utilized for study for other pathological conditions and tumor model
systems.

The defective functioning of mitochondria in relation to hypoxia has
been studied in various complex disease conditions, such as type 2
diabetes [32,33], Alzheimer’s disease [34], tissue inflammation [35],
and cancer [36]. The mitochondrial genome is circular and
double-stranded; it contains 37 genes, which encode 13 polypeptides
involved in ATP synthesis [37,38]. The number and function of mito-
chondria may vary depending on metabolic requirements and cell type
[39]. Hypoxia-inducible factor (HIF)-1 signaling influences mitochon-
dria and leads to a decrease in mitochondrial mass under prolonged
hypoxic conditions. Mutation in mitochondrial DNA (mtDNA) is asso-
ciated with cancer development [40]. Some studies revealed that the
expression of nuclear and mitochondrial-encoded proteins was down-
regulated under hypoxia and that hypoxia also damaged mtDNA [41,
42]. Some studies showed that changes in mitochondrial DNA copy
number (mtDNAcn) in different tissues could act as a biomarker of
dysfunctional mitochondria and a risk factor for cardiometabolic dis-
eases, neurodegenerative diseases, and cancers [43-45].

Nuclear DNA senescence affects mitochondrial integrity and bio-
energetics because of the relationship between telomere shortening and
repression of peroxisome proliferator-activated gamma coactivator
(PGC)-1a [46]. A study showed that mitochondrial dysfunction is
related to telomere shortening and mtDNAcn is related to lymphocyte TL
[47]. In many previous studies, alterations in TL and mtDNAcn in
relation to age-related or disease conditions have shown contradictory
results [48-50]. TL was found to vary depending on the hypoxia level
and cell type [51-53].

In our previous study, we analyzed the genetic instability of human
lymphocytes exposed to hypoxia by using sister chromatid exchange
(SCE); we found that the DNA repair system was intact because micro-
satellite instability (MSI) was not induced by hypoxia [54]. Our previous
study’s outcome about SCE and MSI led us to investigate further the role
of hypoxia at the molecular level and whether it affects telomeres and
mtDNA. Other previous studies have reported changes in TL in human
Lymphocytes in relation to different conditions, but, to our knowledge, there is
a lack of studies on the effect of moderate hypoxia on TL and mtDNAcn in
human lymphocytes. Therefore, in this study, we analyzed TL and
mtDNAcn in blood lymphocytes subjected to moderate hypoxia to
elucidate the effect of short-term hypoxia treatment on TL in correlation
with mtDNAcn.

2. Materials and methods
2.1. Participants and hypoxic conditions

This study included 32 healthy male nonsmokers (age 21-28 years)
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previously recruited for SCE and MSI study [54]. Briefly, all the subjects
had no history of exposure to any genotoxic agent and did not have any
disease conditions. Whole blood samples were collected in heparinized
tubes for all the participants. The institutional review committee
approved this study, and informed consent was obtained from the study
subjects. The blood samples collected from each subject (32 samples)
were divided into three groups: a control group and two experimental
groups, with 32 subjects in each group.

Cell culture and hypoxic conditions were maintained according to
the criteria described in our previously published study [54]. Briefly, 1.0
mL heparinized whole blood was added to 9.0 mL Roswell Park Me-
morial Institute (RPMI) 1640 medium with 10 % fetal bovine serum
(FBS), and lymphocytes were stimulated using phytohemagglutinin
(PHA). Normoxic conditions were maintained for the control group at 37
°C in a humidified atmosphere of 95 % air/5% CO,. For the hypoxic
experimental groups, the samples were kept in a controlled incubator
wherein 92 % N5/5% CO»/3% O, was maintained for the last 12 or 24 h,
and the pH was maintained between 7.2 and 7.4.

2.2. Measurement of TL and mtDNAcn

Genomic DNA was isolated from cultured cells using a DNA extrac-
tion kit (BioSewoom, Seoul, Korea). The DNA extracted was quantified
using Nanodrop. To analyze TL and mtDNAcn, B-globulin was used as a
single-copy reference gene; primers for specific amplification of telo-
mere repeats and cytochrome c oxidase I (COX I, an mtDNA gene) were
selected from previous studies [55,56]. The primer sequences used in
this study have been provided in Table 1. Quantitative real-time poly-
merase chain reaction (qPCR) was performed with a Takara
TP850/TP870 Thermal Cycler Dice™ Real Time System (Takara, USA),
using a 25 pL reaction mixture volume consisting of 12.5 pL of 2 x TB
Green™ Premix Ex Taq™ II (Tli RNaseH Plus), 1 pL of genomic DNA (5
ng/pl), 1 pL (10 pmol) of each forward and reverse primer, and 9.5 pL of
ultrapure water. The PCR thermal profile was as follows: initial dena-
turation at 95 °C for 30 s, followed by 40 cycles each at 95 °C for 10 s, 59
°C for 30 s, and 72 °C for 10 s. The T/S ratio for telomeres and mtDNAcn
was determined based on the C; value for each gene and was approxi-
mately 272%, where AC; is the difference between telomere/COX I and
R-globulin (reference gene) [57]. The relative T/S ratio of one sample
relative to T/S of another sample was 2-(ACa—ACe) — 2-84G_ A]] the
samples were analyzed in triplicate, and mean values were used for the
calculations.

2.3. Statistical analysis

GraphPad Prism version 5.02 was used to analyze the data. Unpaired
one-way analysis of variance (ANOVA), followed by a post-hoc Tukey’s
test, was used to analyze the statistically significant differences among
groups. Pearson correlation analysis was used for correlation analysis. A
P-value of < 0.05 was considered significant.

Table 1
Primer sequences used in this study.

Primer Annealing

temperature

p-globin

Forward 5'-TGTGCTGGCCCATCACTTTG-3’

Reverse 5'-ACCAGCCACCACTTTCTGATAGG-3’

Telomere

Forward 5'-
CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3"

Reverse 5'-
GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-3’

COX 1

Forward 5'- CCC CAC ATT AGG CTT AAA AACAGAT -3’

Reverse 5'- TAT ACC CCC GGT CGT GTA GC- -3’
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3. Results
3.1. TL

Human peripheral lymphocytes were exposed in vitro to moderate
hypoxia for 12 or 24 h to determine its impact on TL by comparing the
findings to those of the control group. The TLs of the three groups have
been compared in Fig. 1. The relative TL (mean =+ SD) values tended to
increase on 12 or 24 h of exposure to hypoxia and were found to be 1.31
+0.73 and 1.47 + 0.69, respectively. Cells exposed to moderate hypoxia
for 24 h had significantly greater TL than cells under normoxia (P =
0.008). The TL in cells treated with moderate hypoxia for 12 h did not
significantly differ from that in the control group. The TL also did not
significantly differ between the two experimental groups subjected to
hypoxia for 12 or 24 h.

3.2. mtDNAcn

The mtDNAcn (mean + SD) for the 12-h and 24-h hypoxia groups
was 0.98 &+ 0.33 and 1.06 + 0.48, respectively, and was not significantly
different from that in the control group. Furthermore, the mtDNAcn did
not significantly differ between the two experimental groups (Fig. 2).

3.3. Correlation between TL and mtDNAcn

A negative correlation was observed between TL and mtDNAcn
under both hypoxic conditions, i.e., 12 h (r =-0.06, P = 0.72, Fig. 3) and
24 h (r =-0.27, P = 0.13, Fig. 4). This correlation was not statistically
significant under both hypoxic conditions.

4. Discussion

Alterations in TL can cause cell death and genomic instability.
Genome instability can cause temporary or permanent genomic alter-
ations. Previous studies have shown that aging and inadequate lifestyle
are connected with inflammation, altered oxidative stress levels, and
decreased telomerase activity [58-60]. Hypoxia and cellular senescence
determine oxidative stress level, which leads to molecular changes and
can eventually cause cell death via apoptosis [61,62]. The oxidative
stresses induced by hypoxia can damage cell apparatus and trigger
specific signaling pathways. Therefore, to obtain more in-depth infor-
mation on the effect of hypoxia, we studied whether moderate hypoxia
can cause genomic instability in healthy human lymphocytes by
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Fig. 1. Comparison of telomere length among three groups (Control, 12 h
hypoxia, and 24 h hypoxia). Significant changes were marked by an asterisk
(**P = 0.008), NS- Non-significant.
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Fig. 2. Comparison of mitochondrial copy number among three groups (Con-
trol, 12 h hypoxia, and 24 h hypoxia). NS- Non-significant.
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analyzing TL and mtDNAcn. We noted increased TL in lymphocytes
exposed to moderate hypoxia for 12 or 24 h. The TL in cells exposed to
moderate hypoxia for 24 h was significantly greater than that in the
normoxic control group. In cells exposed to moderate hypoxia for 12 h,
the increase in TL was not statistically significant. Therefore, we
concluded that telomere elongation is related to the duration of expo-
sure to moderate hypoxia.

A study involving Wistar rats reported a significant increase in TL at
moderate altitude in comparison to that at sea level or simulated high
altitude and showed that HIF-1a and TERT levels and TL increased on
the first day of exposure to hypoxia and then decreased to a stable level
with further exposure [29]. Our result agrees with previous research
indicating that TL is induced by hypoxia [25,63,64]. Some studies also
observed that hypoxia triggers the adaptive cellular response through
HIF-1 and telomerase activation [25,63]. However, to our knowledge,
this is the first study to report an increase in TL in human lymphocytes
exposed to moderate hypoxia in vitro. A study reported that telomeres
could influence mitochondrial function and metabolism [46]. Telomere
dysfunction can induce the p53 pathway, which acts as a link between
telomere dysfunction and mitochondrial compromise [46]. In the cur-
rent study, the mtDNAcn in the experimental groups exposed to mod-
erate hypoxic conditions for 12 and 24 h did not significantly differ from
that in the control group; the TL showed significant alterations, but the
mtDNAcn did not. Therefore, we suggest that mtDNAcn is more stable
than telomere length on exposure to moderate hypoxic conditions. The
finding that TL changed but mtDNAcn did not can be explained as fol-
lows. In humans, there are 46 chromosomes and 92 telomeres because
there is a telomere at both ends of each chromosome. During mitosis,
cells replicate all of their content and therefore the number of telomeres
increases to 184 and telomeres contain thousands of repeats of the
six-nucleotide sequence 5-TTAGGG-3'; therefore, the presence of
numerous repeat sequences in the telomeres may easily lead to genetic
instability.

Mitochondrial dysfunction due to mtDNA mutation is not observed
until a certain threshold of heteroplasmy is reached. While some studies
have reported that TL and mtDNAcn are positively correlated in healthy
individuals [47,65], others have reported that low lymphocyte
mtDNAcn correlates with mitochondrion-related metabolic disorders
[66-68]. Previous studies have reported conflicting results related to
mtDNAcn in response to hypoxia; some studies reported an increase in
mtDNAcn under hypoxic conditions [69-71], whereas others reported
that, in some cell types, hypoxia could reduce mitochondrial biogenesis
and mtDNA content [72-74]. Although in the current study, the corre-
lations between TL and mtDNAcn under both moderate hypoxic condi-
tions for 12 and 24 h showed negative trends, the correlations were not
statistically significant. These results suggested that TL and mtDNA are
not correlated in the case of short-time exposure to moderate hypoxia.

In our previous study, we noted an increase in SCE frequency and no
change in MSI after exposure to moderate hypoxia for 12 or 24 h, which
suggested that the increase in SCE frequency indicated a degree of
chromosomal instability and the lack of change in MSI indicated sta-
bility at the nucleotide level [54]. Our current results showed that the
increase in TL on exposure to moderate hypoxia for 24 h indicated ge-
netic instability at the nucleotide level rather than the chromosomal
level. There were no significant changes in mtDNAcn, which could
indicate genetic stability at the mitochondrial level, upon exposure to
moderate hypoxia for 12 or 24 h. These findings indicated that, for
moderate hypoxia, the genetic stability threshold increases in the
following order: SCE, TL, and mtDNAcn.

Telomere gene therapy plays a beneficial role, but some studies re-
ported that constitutive telomerase activation could lead to oncogenesis
[75,76]. In the current study, an increase in TL was noted after exposure
to moderate hypoxia, and further research is required to determine
whether telomere elongation is beneficial or harmful. The moderate
hypoxia conditions used in this study could be linked to the hypobaric
hypoxia experienced by people living at high altitudes; therefore, this
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study design may be utilized to study the other effects of hypoxia at high
altitudes.

There are limitations to this study. First, the HIF-1a, TERT, and
oxidative stress marker expression levels were not measured. A study
reported that increased levels of reactive oxygen species downregulated
HIF-1a expression [77]. Some other studies stated that oxidative stress
could be a significant cause of telomere shortening via telomerase ac-
tivity inhibition and damage to telomere DNA [78-81]. Second, we
studied short-term hypoxia exposure for only 12 and 24 h; further
studies are required on the effects of prolonged exposure to moderate
hypoxia with respect to oxidative imbalance, telomere damage, and the
effects of telomere elongation.

In conclusion, an increase in TL was observed upon exposure to
moderate hypoxic conditions for 24 h and not after exposure for 12 h,
suggesting that telomere elongation is related to the duration of expo-
sure to moderate hypoxia. On short-term exposure to moderate hypoxia,
the mtDNAcn in the experimental groups did not significantly differ
from that in the control group. These results suggested that mtDNAcn is
a more stable marker than TL alterations in the case of short-term
moderate hypoxia. Further studies that use a larger sample size and
also analyze the levels of oxidative stress markers, including TERT and
HIF-1a, are required to make conclusive remarks regarding the role of
moderate hypoxia in terms of its correlation with telomere elongation to
unveil the underlying mechanism.
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