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Mónica González-Sánchez a,*, Víctor García-Martínez a, Sara Bravo a, Hikaru Kobayashi a, 
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A B S T R A C T   

Mitochondrial DNA sequences were found inserted in the nuclear genome of mouse peritoneal T lymphocytes 
that increased progressively with aging. These insertions were preferentially located at the pericentromeric 
heterochromatin. In the same individuals, binucleated T-cells with micronuclei showed a significantly increased 
frequency associated with age. Most of them were positive for centromere sequences, reflecting the loss of 
chromatids or whole chromosomes. The proliferative capacity of T lymphocytes decreased with age as well as the 
glutathione reductase activity, whereas the oxidized glutathione and malondialdehyde concentrations exhibited 
a significant increase. 

These results may point to a common process that provides insights for a new approach to understanding 
immunosenescence. We propose a novel mechanism in which mitochondrial fragments, originated by the 
increased oxidative stress status during aging, accumulate inside the nuclear genome of T lymphocytes in a time- 
dependent way. The primary entrance of mitochondrial fragments at the pericentromeric regions may 
compromise chromosome segregation, causing genetic loss that leads to micronuclei formation, rendering 
aneuploid cells with reduced proliferation capacity, one of the hallmark of immunosenescence. Future experi-
ments deciphering the mechanistic basis of this phenomenon are needed.   

1. Introduction 

It has been proposed that aging is caused by the cumulative damage 
produced by the constant generation of reactive oxygen species in the 
mitochondria (mitROS) throughout the life of the individuals (Harman, 
1972). Although ROS production unrelated to cellular respiration oc-
curs, such as in microsomes, peroxisomes or the membrane-bound 
NADPH-oxidase complex (Boveris et al., 1972; Vermot et al., 2021), 
the respiratory Mitochondrial Complex I, located on the cytosolic face of 
the mitochondria, is the main production focus of ROS (Sanchez-Roman 
and Barja, 2013). This fact is relevant because mitROS produced in this 
complex are directed to the matrix, closely affecting mitochondrial DNA 
(mtDNA) which is anchored to the internal mitochondrial membrane. 

Histone-devoid mtDNA is more vulnerable than nuclear DNA to the 
damage produced by mitROS. Single and double-strand breaks occur 

(Brand, 2010) giving rise to fragments that show a higher level of 
oxidized DNA bases (Suter and Richter, 1999), a marker of ROS-induced 
DNA oxidative damage, supporting that the origin of the fragments is 
mainly mitROS attack, and not only deletions during the repair process 
or other causes. 

Richter (1988) proposed that the mtDNA fragments generated by 
mitROS could escape from the mitochondria and insert into the nucleus, 
causing a time dependent nuclear accumulation responsible for aging. 
Patrushev et al. (2004), detected mtDNA fragments released from 
mitochondria through the permeability transition pore, a non-specific 
pore located at the inner membrane of this organelle described by 
Hunter and Haworth (1979). Whereas the migration of mtDNA se-
quences to the nucleus has played a key role in the evolution of 
eukaryotic organisms, different studies have shown that this is an 
ongoing process. This phenomenon, called numtogenesis (Singh et al., 
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2017), in reference to the name given to mtDNA sequences in the nu-
clear genome (NUMTs: NUclear MiTochondrial DNA), has been 
observed in many different species (Puertas and González-Sánchez, 
2020). 

The genomic instability caused by mtDNA insertions into the nuclear 
genome has implications for the development of human pathologies 
such as Pallister Hall syndrome (Turner et al., 2003), different types of 
cancer and aging (Singh et al., 2017). Studies conducted in rats have 
shown that the amount of mtDNA in the nucleus increases with age in 
the liver and the brain (Caro et al., 2010). Similar results have been 
observed in yeasts, where the insertion of mtDNA fragments decreases 
chronological life span (Cheng and Ivessa, 2010, 2012). In addition, 
age-related numtogenesis in mice has been found to be related to 
mitROS production throughout the life of individuals, because the 
amount of mtDNA found in the hepatocyte nuclei of old mice decreased 
to levels similar to young individuals when treated for 7 weeks with 
rapamycin (Martínez-Cisuelo et al., 2016). This drug, which inhibits 
TOR (target of rapamycin) protein, decreases mitROS production at the 
Mitochondrial Complex I, and it has been described to be capable of 
increasing longevity in mammals (Harrison et al., 2009). 

NUMTs are generally located at the centromeric and pericentromeric 
regions of chromosomes (Matsuo et al., 2005; Caro et al., 2010; 
Michalovova et al., 2013; Martínez-Cisuelo et al., 2016) where mtDNA 
fragments are introduced using the Non-Homologous End Joining 
(NHEJ) mechanism (Ricchetti et al., 1999; Hastings et al., 2009; Har-
utyunyan et al., 2020). (Peri)centromeric regions in mice are composed 
of the minor (MiSat) and major satellite (MaSat) sequences. They are 
made up of repeated sequences that occupy different, non-intermingled, 
chromosome domains (Garagna et al., 2002). 

(Peri)centromeric regions are usually heterochromatic and tran-
scriptionally inactive but play an essential role in the cohesion and 
dissociation processes that occur at centromeres during cell division 
(Guenatri et al., 2004). Although mtDNA sequences have been described 
at the (peri)centromeric regions, the effect that these insertions might 
have on chromosome segregation and cell division is yet to be clarified. 

Fenech and Morley (1985) reported increased chromosome mis-
segregation and micronuclei (MN) formation associated to age. They 
developed the Cytokinesis-Block MicroNucleus assay (CBMN assay) to 
perform in vitro analysis of DNA damage and chromosome loss in 
human lymphocytes from peripheral blood. CBMN assay is based on the 
use of cytocalasin-B (Cyt-B) that inhibits cytokinesis and renders easily 
recognizable binucleated (BN) cells in which micronuclei (MN) can be 
observed. MN are among the best markers to assess chromosomal 
instability (Fenech et al., 2003). They originate from both fragmented 
DNA and/or whole chromosome loss due to laggard chromosomes un-
able to reach the poles in the preceding mitosis, leading to aneuploid 
cells. Additionally, other cytological markers related to DNA damage, 
such as nucleoplasmic bridges (NPB) or cells with signs of apoptosis, can 
also be detected. CBMN assay has been further developed in combina-
tion with fluorescence in situ hybridization (FISH) using specific mo-
lecular probes to investigate centromere-positive MN (Migliore et al., 
1996), providing a useful tool for the assessment of chromosome loss 
due to defective centromeres that fail to segregate properly. 

The oxidation-inflammation theory of aging proposes that aging is 
the result of the establishment of a chronic oxidative and inflammatory 
stress situation in which immune cells play a fundamental role due to 
their persistent production of oxidant and inflammatory compounds (De 
La Fuente and Miquel, 2009). With age, the function of immune cells 
declines, a process that is known as immunosenescence (Pawelec, 2018) 
which is responsible for the age-related increase in morbidity and 
mortality (De La Fuente and Miquel, 2009). One of the most studied 
immune functions is the capacity of T lymphocytes to proliferate in 
response to an antigenic challenge, which is known to experience an 
age-related decrease (Martínez de Toda et al., 2016). Although it was 
proposed that the basis of this immune deterioration is oxidative stress 
(Moro-García et al., 2018; Martínez de Toda et al., 2021), the underlying 

mechanism responsible for this defective proliferative capacity is not 
known. Nevertheless, an age-related increase in an oxidative stress sit-
uation has been described in immune cells from humans and mice, with 
significant decreases of antioxidant defenses such as glutathione 
reductase activity and increases of oxidant compounds such as oxidized 
glutathione (GSSG) and products of lipid oxidative damage such as 
malondialdehyde (MDA) concentrations (Martinez de Toda et al., 2020). 

Taking all this into account, the aim of this study is to provide in-
sights for the causative effect of mitochondrial DNA insertions at the 
pericentromeric regions that, eventually affecting proper chromosome 
segregation, might be responsible for the reduced lymphoproliferation 
characteristic of immunosenescence. Moreover, whether these mito-
chondrial DNA insertions correlate with several oxidative stress pa-
rameters was also analyzed. 

In this work we performed a longitudinal study based on the exam-
ination of mice T lymphocytes isolated from peritoneum without sacri-
fice, allowing monitoring each animal during the adult, mature and old 
age. Mitochondrial DNA insertions were quantified, and their chromo-
somal location was analyzed. Chromosome segregation failure and ge-
netic loss was explored by means of the CBMN assay. In addition, we 
investigated the proliferative capacity of lymphocytes and several redox 
parameters such as glutathione reductase activity, oxidized glutathione 
(GSSG) and malondialdehyde (MDA). 

2. Materials and methods 

2.1. Animals and experimental conditions 

Five ex-reproductive female mice (Mus musculus) of the outbred 
strain ICR-CD1, acquired from Janvier Labs (Germany) at the age of 
young adult (28 ± 4 weeks old) were used. The animals were housed 
under standard conditions of temperature (22 ± 1ºC) and humidity 
(50–60 %) with an inverted light: dark cycle (12 h: 12 h), light starting at 
8:00 am. Mice had access to tap water and standard pelleted food 
(Envigo Teklad, Envigo, Madison WI, EEUU) ad libitum. To avoid al-
terations due to circadian cycles, the manipulation and sampling was 
carried out from 8:30 am to 12:00 pm. 

The study carried out included a longitudinal analysis in which 
samples were taken from the peritoneum of the same animal at three 
different life stages: adult age (A, 40 ± 4 weeks), mature age (M, 56 ± 4 
weeks) and old age (O, 71 ± 4 weeks). Analysis was made individually, 
monitoring each parameter during the aging process of each individual. 

The protocols performed were approved by the Animal Experimen-
tation Committee of the Complutense University of Madrid. The animals 
were treated according to the guidelines indicated by the European 
Community Council 2010/63 / EU. 

2.2. Peritoneal leukocyte extraction and T-lymphocyte enrichment 

Samples of peritoneal leukocytes were extracted following the 
method previously described by Martinez de Toda et al. (2016). Briefly, 
mice were immobilized by the scruff of the neck and 2 ml of sterile, 37ºC 
prewarmed, Hank’s buffer were intraperitoneally injected. After gentle 
abdominal massage, approximately 80 % of the medium was recovered. 

Peritoneal extractions were deposited on MIF plates (Macrophage 
Inhibitor Factor, Kartell) previously sterilized by 45 mins of UV expo-
sure, and incubated 45 mins in sterile conditions at 37ºC, 5 % of CO2 and 
humidified atmosphere. T-lymphocytes enriched supernatants were 
collected and quantified for viable cell density by Trypan Blue exclusion 
test using a Neubauer cell counting chamber and an optical microscope. 
Supernatants were adjusted to 106 lymphocytes/ml with RPMI 1460 
(HyClone) supplemented with 1 mg/ml gentamicin (Sigma-Aldrich) and 
10 % decomplemented Fetal Bovine Serum (FBS, MPBio). 
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2.3. Mitochondrial fragment quantification in T-lymphocyte nuclei 

T-lymphocyte enriched suspensions were fixed in a solution of 
methanol: acetic acid (3: 1 v / v) and 20 ml were dropped onto clean 
glass slides and air-dried overnight. 

2.3.1. Probes 
Total DNA was isolated from peritoneal T lymphocytes using the 

FlexiGene® kit (Qiagen) and both MaSat and MiSat sequences and a 
1841 bp mitochondrial fragment were amplified by PCR to generate the 
probes for in situ hybridization. 

The synthetic oligonucleotides F-GGA CCT GGA ATA TGG CGA 
GAAA and R- TTC AGT GTG CAT TTC TCA TTTT (CONDA) were used to 
amplify the MaSat sequence in a touch-down PCR program consisting of 
20 cycles of 30 s at 95ºC and 90 s at 67ºC (temperature decreasing 0.5ºC 
each cycle) and 15 cycles of 30 s at 95ºC and 90 s at 63ºC, and a final step 
of 7 min at 72 ◦C. For MiSat DNA amplification, the F-CAATGAGTTA-
CAATGAGAAACATGG and R-TGATATACACTGTTCTACAAATCCCG ol-
igonucleotides (CONDA) were used. The touch-down PCR program 
included 30 cycles of 30 s at 95ºC, 60 s at 57ºC (temperature decreasing 
0.5ºC each cycle) and 60 s at 72ºC and 15 cycles of 30 s at 95ºC and 60 s 
at 55ºC. 

Mitochondria from hepatocytes belonging to mice of the same strain 
as the individuals under study were isolated according to the method of 
Rickwood et al. (1987) and total mtDNA was extracted following the 
method described in Latorre et al. (1986). The F-CCACTCATTCATT-
GACCTACCTGCC and R-TAGGTGATTGGGTTTTGCGGACTA primers 
(CONDA) were used to amplify a 1841 bp-long mitochondrial sequence 
fragment following the method described in Patrushev et al. (2004), 
who reported the presence of this fragment in the cytoplasm of irradi-
ated mice. The PCR program used was: 3 mins at a temperature of 95 ◦C 
followed by 20 cycles of 95 ◦C for 30 s, 65ºC for 1 min and 30 s, 15 cycles 
of 95 ◦C for 30 s and 60 ◦C for 1 min and 30 s, and a final step of 72ºC for 
7 mins. 

Vertebrate telomere sequence (TTAGGG)n was amplified by PCR 
following the method described in Ijdo et al. (1991) using the primers: 
5’-(TTAGGG)5-3’ and 5’-(CCCTAA)5-3’ (CONDA) in the absence of 
genomic DNA template. The PCR program was an initial 5 mins dena-
turation step at 95 ◦C followed by 10 cycles of 95ºC for 1 min, 55 ◦C for 
30 s and 1 min and 30 s at 72ºC, continued by 30 cycles of 95ºC for 1 min, 
30 s at 60 ◦C and 1.5 mins at 72ºC. 

Amplification products were purified using the QIAquick® PCR Pu-
rification Kit (Qiagen) and labelled by nick translation with 
Tetramethyl-Rhodamine-5-dUTP (red) (Sigma Aldrich) and Fluorescein- 
12-dUTP (green) (Sigma Aldrich) using the Nick Translation Mix kit 
(Roche). 

2.3.2. Sequencing of amplification products 
The purified amplification products were sequenced by the Genomic 

Unit of the Genomics and Proteomics Research Support Center of the 
Complutense University of Madrid (UCM) and searched in BLAST © 
(Basic Local Alignment Search Tool) database (https://blast.ncbi.nlm. 
nih.gov/Blast.cgi) for homology. 

2.3.3. Fluorescence in situ hybridization (FISH) 
Slides were incubated with RNAsa 1 µg/ml, Sigma) in 2XSSC for 1 h 

at 37ºC, rinsed twice in 2XSSC for 5 min and incubated in 0.12 % pepsin 
for 15 mins at 37ºC. They were washed twice in PBS for 5 min each, 
rinsed in 2XSSC 5 min, fixed in 4 % paraformaldehyde (SIGMA) for 10 
min and washed tree times in 2XSSC for 5 mins each. Slides were 
sequentially dehydrated in a series of 70 %, 90 % and 100 % ethanol, air 
dried for 30–75 min and denatured in 70 % (v/v) formamide for 15 min 
at 80ºC. The hybridization mixture containing 2 ng of each labelled 
probe in 50 % (v/v) formamide, 20 % (v/v) dextran sulfate in 2XSSC, 
was denatured 10 min at 95ºC and quenched on ice 7 min. Slides were 
incubated with the hybridization mixture in a moist chamber for 24 h at 

37ºC. Posthybridization washes were done in 50 % formamide in 2XSSC 
twice, followed by two washes in 2XSSC, 5 min each at 45ºC. 

Cells were simultaneously counterstained with 4’, 6-diamidine-2- 
phenylindole (DAPI) and mounted in Vectashield (H- 1200, Vector 
Laboratories) and stored at 4ºC until observation. 

Slides from the same mice at each of the three different ages (A, M 
and O) were observed with an Olympus BX60 epiflourescence micro-
scope equipped with a motorized Z axis. Images were captured with an 
Olympus CCD DP70 digital camera attached to the microscope, at a 
resolution of 4080 × 3072 pixels, using the DP Manager and DP 
Controller software package (Soft Imaging System, Olympus). Red and 
green images were acquired every 0.5 µm in the Z axis, at a constant 
exposure time, in the same contrast and brightness camera conditions. 
Image stacks of 50 nuclei per individual and age were obtained. 

2.3.4. Quantitative FISH 
Measurements of fluorescence signals were performed with the open- 

source ImageJ software (http://rsb.info.nih.gov/ij). Color stacks were 
converted into 2D 8-bit grayscale images and the region of interest was 
selected following the contour of the DAPI-stained nucleus. Both the 
area and intensity of each signal were calculated as the product of the 
number of pixels belonging to each signal and a number between 0 and 
255, corresponding to the 256 levels of the grey scale in an 8-bit image, 
0 being the absence of fluorescence, in each cell. Data were collected and 
exported to Microsoft® Excel® for further analysis. 

2.4. CBMN assay 

T-lymphocyte enriched suspensions were seeded 200 μl/well into 96- 
well plates (Costar, Cambridge, MA, USA) and placed in a sterile incu-
bator at 37ºC with 5 % CO2 and humidified atmosphere. Mitosis was 
induced by addition of 20 μl Concanavalin A (Con A), a lectin for 
stimulating T-cell proliferation. (Sigma-Aldrich) at a final concentration 
of 1 μl/ml. Binucleated cells were obtained using the method previously 
described by Fenech (Fenech, 2007) with a few changes. After 18 h of 
incubation, cytokinesis was inhibited by adding cytochalasin-B (Cyt-B) 
at a final concentration of 4.5 μl/ml. After 26 h, cells were collected, 
fixed in methanol: acetic acid (3: 1 v / v) and stored at 4ºC until use. 

Cell suspensions were dropped onto glass slides, allowed to air dry 
and stained with hematoxylin and eosin staining. Slides were observed 
with an optical microscope at 40X magnification. About 1500 cells per 
individual in each of the three ages were analyzed and the following 
parameters were calculated according to criteria described in Fenech 
et al. (2003):  

– Micronucleated (MNed) binucleated (BN) cell frequency: 
MNed BN freq= (number of BN cells with at least one micronucleus)/ 

TBN  
– Mean number of micronuclei (MN) in MNed BN cells: 

MN mean number = (MN1 +2 *MN2 +3 *MN3 +4 *MN4)/ TMNed 

BN  
– Nucleoplasmic bridges (NPB) frequency: 

NPB= number of cells with at least one NPB /TBN  
– Frequency of apoptotic cells (APO): 

APO= number of cells showing late-stage apoptotic cytological signs/ N. 
Where MN1-MN4 represents the number of BN cells with 1–4 micro-

nuclei, respectively, TBN is the total of BN cells (with and without MN), TMNed 

BN is the total MNed BN cells and N is the total number of cells analyzed. 

2.5. FISH in MNed BN cells 

To further study the composition of MN, 300 MNed BN cells were 
analyzed by FISH using a commercial fluorescein-labelled pancentro-
meric mouse sequence (StarFISH) as probe, in combination with verte-
brate telomere sequence (TTAGGG)n labelled with rhodamine. The FISH 

M. González-Sánchez et al.                                                                                                                                                                                                                   

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://rsb.info.nih.gov/ij


Mechanisms of Ageing and Development 207 (2022) 111722

4

protocol described above was followed. Slides were stored at 4ºC in 
darkness for subsequent observation using an Olympus BX60 epiflour-
escence microscope equipped with the appropriate filters for the 
detection of the different fluorochromes used. Images were taken at 
100X magnification with the Olympus CCD DP70 camera attached to the 
microscope, using the DP Manager and DP Controller software package. 
Photographs were processed using the Adobe Photoshop CS5 Extended 
image editing software. 

MNed BN cells were observed and the frequency of centromere- 
positive MN (Cen + MN) was scored as: 

Cen+ MN= MNC1 + 2 *MNC2 + 3 *MNC3 + 4 *MNC4/ 1 *MN1 + 2 
*MN2 + 3 *MN3 + 4 *MN4. 

Where MNC1-MNC4 represents the number of BN cells with 1–4 
centromere-positive MN and MN1-MN4 the number of BN cells with 1–4 
micronuclei. 

2.6. Lymphoproliferation 

The proliferation capacity of T lymphocytes was evaluated by the 
method previously described (Martinez de Toda et al., 2016). Peritoneal 
cell suspensions were adjusted to 5 × 105 lymphocytes/ml in complete 
medium containing RPMI-1640, 10 % fetal bovine serum and 1 % 
gentamicin. 200 μl containing 1 × 105 lymphocytes were dispensed into 
96-well plates. 20 μl/well of Con A (1 μg/ml) was added for stimulating 
proliferation. The plates were incubated at 37ºC in a sterile and hu-
midified atmosphere of 5 % CO2 for 48 h. Then, 100 μl of culture su-
pernatants were removed and 100 μl of fresh medium was added to each 
well together with 2.5 μCi 3H-thymidine (Hartmann Analytic, Ger-
many), followed by another incubation of 24 h. Cells were harvested in a 
semiautomatic harvester (Skatron Instruments, Norway) and thymidine 
uptake was measured in a beta counter (LKB, Upsala, Sweden) for 1 min. 
The results are expressed as counts per min (cpm) reflecting 3H-thymi-
dine uptake, which directly measures proliferation of lymphocytes after 
Con A stimulation. 

2.7. Redox parameters examination 

2.7.1. Glutathione reductase (GR) Activity 
The activity of the antioxidant enzyme glutathione reductase (GR) 

was evaluated in peritoneal leukocytes following a method previously 
described (Martínez de Toda et al., 2019, 2020). Leukocytes were 
adjusted to 106 total cells/ml in Hank’s medium and centrifuged, and 
the cell pellets were resuspended in oxygen-free phosphate buffer 50 
mM and EDTA 6.3 mM. Then, they were sonicated, and supernatants 
were used for the enzymatic reaction together with oxidized glutathione 
(GSSG) 80 mM as substrate, as previously described. Oxidation of 
NADPH was measured at 340 nm. The results were expressed as units 
(U) of GR activity/mg protein. 

2.7.2. Oxidized Glutathione (GSSG) Concentration 
Peritoneal leukocyte concentrations of oxidized glutathione (GSSG) 

were analyzed following a method previously described (Martínez de 
Toda et al., 2019, 2020). Cells were adjusted to 106 total cells/ml in 
Hank’s medium and centrifuged, and cell pellets were resuspended in 
phosphate buffer 50 mM and EDTA 0.1 M, pH 8. Then, they were son-
icated, and supernatants were used for the quantification of oxidized 
glutathione (GSSG) by the reaction capacity that GSSG have with 
o-phthalaldehyde (OPT) at pH 12, resulting in the formation of a fluo-
rescent compound. Fluorescence was measured at 350 nm excitation 
and 420 nm emission. Results were expressed as nmol of GSSG/mg 
protein. 

2.7.3. Malondialdehyde (MDA) Concentration 
Concentrations of MDA were evaluated using the commercial kit 

“Lipid Peroxidation (MDA) Assay Kit” (BioVision, CA, USA). Peritoneal 
leukocytes were adjusted to 106 total cells/ml in Hank’s medium and 

centrifuged and cell pellets were resuspended in MDA lysis buffer. Then, 
they were sonicated, and supernatants were incubated with thio-
barbituric acid (TBA) for 60 min in a water bath. Then, samples were 
centrifuged, and supernatants collected and dispensed into 96-well 
plates for spectrophotometric measurement at 532 nm, as previously 
described (Martínez de Toda et al., 2019, 2020). Results were expressed 
as nmol MDA/mg protein. 

2.8. Statistics 

All statistical analyses and tests were performed with the IBM® 
SPSS® Statistics 21 program (SPSS, Chicago, IL, USA). Differences in 
mtDNA signals were analyzed using the non-parametric Kruskall-Wallis 
test followed by the Mann-Whitney-Wilcoxon test for paired compari-
sons. For the remaining data, one-way ANOVA followed by a post hoc 
analysis of Scheffe was applied. Differences between age groups were 
studied through Student́s t-test for paired samples. The Pearson corre-
lation coefficient was used to test for correlation between variables. 
Two-sided P < 0.05 was considered the minimum level of significance. 

3. Results 

A longitudinal study was carried out in which peritoneal leukocytes 
from the same individual were analyzed at three different moments of 
life: adult (40 ± 4 weeks), mature (56 ± 4 weeks) and old (71 ± 4 
weeks) ages. Therefore, the experimental design allows to study each 
animal individually, monitoring each parameter during its aging 
process. 

3.1. Analysis of the amplified sequences 

Sequences amplified by PCR and later used as probes in the FISH 
procedure were analyzed using the BLAST© NCBI tool. Results revealed 
that the sequence amplified with MaSat-specific primers had 94 % ho-
mology with the 240 bp sequence "Mouse satellite DNA sequence" ID: 
V00846 annotated in the GenBank. On the other hand, the amplified 
sequence with MiSat-specific primers showed 100 % homology with the 
121 bp sequence "Mouse centromeric minor satellite DNA (8)" ID: 
X14466.1. Analysis of the amplified mtDNA sequence revealed 100 % 
homology with a region of 1841 bp of the entire mitochondrial mouse 
genome (ID: KY018919.1). This sequence, referred to as 1841MT here-
after, is between the positions 14,189–16,029 of the mouse mitochon-
drial genome and comprises a region of the D-loop as well as part of the 
gene for cytochrome b, a component of complex III of the respiratory 
chain. The alignment of 1841MT with MiSat and MaSat sequences 
determined there was no similarity between the mtDNA sequence and 
mouse centromere satellite sequences. 

3.2. Mitochondrial DNA sequences are present at the pericentromeric 
region of T-lymphocytes chromosomes and increase with age 

The presence of the 1841MT sequence in the T-lymphocyte nuclei 
was confirmed by FISH and visualized as numerous mtDNA labels 
mainly located at definite loci (Fig. 1A1, 1B1–2, 1D1–2) co-localizing to 
chromocentres (positive DAPI regions originated by the cytological as-
sociation of the centromeres of several chromosomes). 

To further analyze the chromosomal location of this mitochondrial 
fragment, 1841MT in combination with MaSat and MiSat probes were 
hybridized to metaphase chromosomes of colchicine-treated T lym-
phocytes. The results revealed the presence of the mtDNA fragment at 
the (peri)centromeric regions of each of the 40 telocentric female mouse 
chromosomes (Fig. 1A1–4), where major and minor satDNA occupy two 
different chromosome domains (Fig. 1B1–2, 1D1–4), as already described 
(Garagna et al., 2002). Double FISH using both MaSat or MiSat probes 
simultaneously with 1841MT in interphase T- lymphocytes, where 
chromatin is less condensed, showed that the mitochondrial DNA 
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sequence and minor satDNA are present in different centromere regions 
(Fig. 1B1–4), whereas 1841MT and MaSat probes co-localize (Fig. 1D1–4), 
although the major satellite DNA spans a broader area (fig D2, D3, 
arrowhead in insets). 

To quantify the 1841MT signals observed in interphase lymphocyte 
nuclei from mice peritoneal liquid at the three different ages (A, M and 
O), total fluorescence per nucleus was measured in a quantitative FISH 
experiment. Considering that the degree of chromatin compaction (and 
therefore the intensity of the signals) may vary in each cell, individual or 
age group, MiSat probe was simultaneously used as a control in the same 
experiment. The relative fluorescence of 1841MT signals per nucleus (Rf 
1841MT) was calculated as the ratio “1841MT total fluorescence/ MiSat 
total fluorescence” (Table 1). Results indicated a progressive increase in 
Rf 1841MT associated to age (p < 0.000). A paired comparison showed 
significant differences between A and O ages (p < 0.000), whereas at the 
mature age animals exhibited intermediate mean values between the 
values observed in the same mice at A and O ages. 

3.3. Micronucleated binucleated cell frequency increases with age 

CBMN assay allowed detection of mice micronuclei and nucleo-
plasmic bridges in binucleated cells, indicators of chromosome 

Fig. 1. Fluorescence in situ hybridization (FISH) micrograph of mice T lymphocytes using the mitochondrial DNA sequence (1841MT) and minor and major satellite- 
DNA (MaSat and MiSat) probes (red and green) showing their relative locations. Chromosomes were stained by 4’, 6- diamidino-2- phenylindole (DAPI, blue). A: 
metaphase chromosomes from colchicine-treated cells. B-D: interphase nuclei. Bar = 2 µm. 

Table 1 
Mean values and standard errors at the adult (40 ± 4 weeks old), mature (56 ± 4 
weeks old) and old (71 ± 4 weeks old) ages: the relative fluorescence of 1841MT 
signals per nucleus (Rf 1841MT), the micronucleated binucleated cell (MNed 
BN) frequency, the micronuclei (MN) number in micronucleated binucleated 
cells (MNed BN), the nucleoplasmic bridge (NPB) frequency and the frequency 
of cells with cytological signs of late-stage apoptosis (Apo frequency). 250 cells 
per age were analyzed for Rf1841MT quantification and 1500 cells per indi-
vidual for the rest of the parameters; a: significantly different from the adult 
group, b: significantly different from the mature group, * p < 0.01, * * 
p < 0.001, * ** p < 0.0001.  

Age Rf 1841MT MNed BN MN 
number 

NPB Apo 

group  frequency in Mned 
BN 

frequency frequency 

ADULT 5.625 
± 0.101 

0.393 
± 0.022 

1.474 
± 0.069 

0.033 
± 0.005 

0.007 
± 0.002 

MATURE 6.061 
± 0.133 

0.442 
± 0.029 

1.428 
± 0.012 

0.049 
± 0.020 

0.008 
± 0.002 

OLD 6.674 
± 0.183a*** 

0.505 
± 0.024a** 

1.486 
± 0.075 

0.063 
± 0.005 

0.012 
± 0.003a*, 

b*  
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instability and DNA damage, as well as T lymphocytes exhibiting late 
apoptotic cytological signs (Fig. 2). 

BN cells were scored for MN quantification. Both the frequency of 
MNed BN cells and the mean number of MN in MNed BN cells in each of 
the ages are summarized in Table 1. MNed BN cells showed a statistically 
significant increased frequency associated to age (p = 0.027), differ-
ences were found between adult and old ages (p = 0.008), whereas at 
mature age mice showed an intermediate value. Non-significant differ-
ences related to age were found for the mean number of MN in MNed BN 
cells. 

BN cells were also scored for NPB formation. Although a tendency for 
NPB frequency to increase was noticed (Table 1), differences between 
ages were nonsignificant. Interestingly, the mean frequency of NPBs 
(0.048) was one order of magnitude lower that the mean frequency of 
MNed BNed cells (0.447). 

T lymphocytes with apoptotic chromatin bodies within an intact 
cytoplasm characteristic of late-stage apoptosis were also scored and 
their frequency compared in the three moments of life. A small but 
statistically significant increase was observed associated to age 
(p = 0.045), the highest values being shown at the old age (Table 1). 

3.4. MN composition reveals an aneugenic origin 

To elucidate if MN are caused by DNA fragmentation or chromatid/ 
chromosome loss (clastogenic or aneugenic origin, respectively), FISH 
using a mouse pancentromeric probe was performed in 300 MNed BN 
lymphocytes (Fig. 3). The frequency of centromere-positive MN found 
was 0.957 suggesting that, in most cases, MN may comprise complete 
lost chromatids or whole chromosomes. MN showing two telomere 
signals were also found (Figs. C1–2), supporting the idea that the origin 
of MN in the studied peritoneal lymphocytes could be mainly due to 
chromosome loss rather than DNA fragmentation. 

3.5. Lymphocyte proliferation capacity decreases with age 

The proliferation capacity of lymphocytes in response to Con A was 
assessed at the A, M and O ages. The results obtained are summarized in  
Table 2. A one-way ANOVA comparing the data belonging to the three 
different ages revealed a significant proliferation capacity reduction 
related to age (p = 0.000). A paired comparison showed significant 
differences between A and M (p = 0.000), A and O (p = 0.000) and M 
and O (p = 0.001). 

3.6. Old animals showed less GR activity and more concentration of the 
oxidants GSSG and MDA 

The results of the redox parameters: GR activity, GSSG and MLA 
concentrations, quantified in the three groups, are shown in Table 2. The 
activity of the antioxidant enzyme GR decreased with age (p = 0.0013). 
Significant differences were found between A and M (0.012), A and O 
(0.0013) and M and O (0.018) ages. 

On the contrary, both GSSG and MDA concentrations showed a sig-
nificant increase with aging (p = 0.0000 and 0.0007, respectively). 
Significant differences were found in a pair-comparison test between A 
and M, A and O and M and O ages. 

3.7. Numtogenesis positively correlates with micronuclei frequency 
whereas both parameters are negatively related to lymphocyte proliferation 
capacity 

For interrelation study, Pearsońs correlation coefficients were 
calculated among the investigated parameters: Rf 1841MT, MNed BN 
cell frequency, mean number of MN in MNed BN cells, NPBs frequency, 
apoptosis and proliferation capacity of lymphocytes. A positive corre-
lation between Rf 1841MT and MNed BN cell frequency (R = 0.697; 
p < 0.01) was found. Moreover, both parameters negatively correlate 
with the proliferation ability of lymphocytes (R= - 0.538; p < 0.05 for Rf 
1841MT and R= - 0.721; p < 0.01 for MNed BN cell frequency; Fig. 4). 
Non-significant correlations were found among the rest of the parame-
ters analyzed. 

3.8. Numtogenesis negatively correlates with antioxidant enzymatic 
activity and positively with oxidant parameters 

Pearsońs correlation coefficients were also calculated between Rf 
1841MT and each of the redox parameters: GR activity, GSSG and MDA 
concentration. Results showed a negative correlation between Rf 
1841MT and GR activity (R = − 0.673; p < 0.01) whereas a positive 
relation was found between Rf 1841MT and both GSSG and MDA con-
centrations (R= 0.604; p < 0.05 and R= 0.661; p < 0.01, respectively;  
Fig. 5). 

4. Discussion 

Our results show for the first time the presence of mitochondrial 
sequences in the nuclear genome of mouse T lymphocytes that increase 
with age. The longitudinal study carried out from the peritoneum allows 
the observation of this phenomenon during the aging process of each 
animal, providing individual results that might otherwise be overlooked 
in a population study. Female mice were used because this sex is more 
adequate to cohabitation studies since females are less aggressive and 
dominant than males; these behaviors could interfere with the results 
obtained from the parameters studied (Garrido et al., 2018). 

We detect a 1841 bp mitochondrial sequence (1841MT) located at 
definite loci in the nuclei of lymphocytes from adult to old ages. The 
amount of 1841MT increases gradually, resulting in significant differ-
ences between the adult and the old ages. Previous works have shown 
numtogenesis associated to age in yeast (Cheng and Ivessa, 2010, 2012) 
and mouse liver and brain cells (Caro et al., 2010; Martínez-Cisuelo 
et al., 2016). Gene disruption caused both by de novo insertions or 
rearrangements of integrated mtDNA, such as duplications or trans-
poson mediated fragmentation, (Shay and Werbin, 1992; Turner et al., 
2003; Ricchetti et al., 2004; Hazkani-Covo et al., 2010) is the basis of the 
genome instability that contributes to senescence. Although we cannot 
conclude whether it is due to the transfer of newly originated fragments, 
amplification of integrated mitochondrial sequences or both, the in-
crease in mtDNA amount that we observe during aging in the analyzed 
animals may be considered one of the mechanisms underlying 
immunosenescence. 

Fig. 2. Binucleated (BN) cells with hematoxylin and eosin staining. (A, B and 
C) BN cells with 0, 1 and 2 micronuclei (MN), respectively; (D) BN cell 
exhibiting a nucleoplasmic bridge (NPB); (E) BN cell with 1 MN and 1 NPB; (F) 
T lymphocyte with cytological signs of late-stage apoptosis. MN are indicated 
by arrowheads and NPBs by arrows. Bar= 3 µm. 
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FISH in colchicine-treated cells reveals chromosomal localization of 
1841MT fragment at the centromeres of all autosomes and X chromo-
some in female mice. The fact that large blocks of 1841MT are already 
visible in the adult age suggests that this mitochondrial sequence may be 
constitutive, being present in several copy numbers as a part of the se-
quences found at the vicinity of centromeres. Organelle DNA, both 
mitochondrial and plastid, is often found at pericentromeric regions of 
many species (Puertas and González-Sánchez, 2020). This chromosome 
location provides a stable genomic environment for integration because 
it is a gene-poor region with frequent DSBs that are repaired by the 
NHEJ mechanism that allows fragments entrance (Matsuo et al., 2005). 
Once in the nuclear genome, organellar DNA can be fragmented by the 
insertion of transposon elements and reshuffled to different chromo-
some locations, resulting in a dynamism that contributes to genome 
instability (Michalovova et al., 2013). 

Even though centromeres are the key for mtDNA to enter the nu-
cleus, the effects of mitochondrial fragment integration in centromere 

function have not been elucidated. Although centromere identity is 
epigenetically defined and there is not a canonical conserved sequence 
among species, most centromeres are made up of arrays of repetitive 
satellite DNA (Fukagawa and Earnshaw, 2014). In mouse centromeres, 
MiSat sequences are present as a small block located at the centromeric 
region followed by a pericentromeric long cluster of MaSat, both being 
interrupted by short stretches of two GC-rich sequences (M3 and M4), 
resulting in two different domains with different functions during the 
process of chromosomal segregation. In addition to these four se-
quences, some other sequences exist that had not been described to date 
(Kuznetsova et al., 2006) 

Our results show that 1841MT sequence is also part of the mouse 
centromeres. Double FISH using 1841MT in combination with MiSat and 
MaSat probes allows us to determine that this mitochondrial DNA 
fragment is located at the pericentromeric region, occupying a large area 
of the MaSat domain. From our cytological observations, 1841MT and 
MaSat seem to be intermingled, however high-resolution FISH on 

Fig. 3. FISH in binucleated (BN) cells showing micronuclei (MN) using a mouse pancentromeric probe (A2 and B2, red) and the specific probe for vertebrate 
telomeres (C2, green). (A1, B1 and C1) BN cells stained with 4’, 6-diamidine-2-phenylindole (DAPI). (A1–2) BN cell with a centromere-negative MN; (B1–2) BN cell 
with a centromere-positive MN; (C1–2) BN cell with tree MN, each or them showing two telomere signals (arrowhead). Bar= 3 µm. 

Table 2 
Mean values and standard errors at the adult (40 ± 4 weeks old), mature (56 ± 4 weeks old) and old (71 ± 4 weeks old) ages: lymphoproliferation, the Glutathione 
Reductase (GR) activity, the Oxidized Glutathione (GSSG) and the Malondialdehyde (MDA) concentrations. Cpm: counts per min. 500,000 cells per individual were 
analyzed; a: significantly different from the adult group, b: significantly different from the mature group, * p < 0.01, * * p < 0.001, * ** p < 0.0001.  

Age Lymphoproliferation GR activity GSSG concentration MDA concentration 
group (cpm) (U GR/mg protein) (nmol GSSG/mg protein) (nmol MDA/mg protein) 

ADULT 4618 ± 126 26.710 ± 5.143 0.150 ± 0.04 1.788 ± 0.452 
MATURE 3522 ± 62a*** 20.406 ± 3.925a* 0.248 ± 0.04a** 2.470 ± 0.237a* 

OLD 2657 ± 263a***, b** 13.800 ± 3.074a**, b* 0.318 ± 0.03a***, b* 3.612 ± 0.801a**, b*  
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released chromatin (Fiber-FISH) will allow to deepen the future study of 
mouse (peri)centromeric DNA organization. 

(Peri)centromeric heterochromatin plays a crucial role in chromo-
some segregation during cell division. Whereas MiSat domain consti-
tutes the place for kinetochore nucleation and microtubule interaction, 
MaSat sequences are involved in maintaining sister-chromatid cohesion 
close to the centromere. The distinct roles of MiSat and MaSat domains 
cooperate in the cohesion and dissociation processes that occur during 
cell division to ensure proper chromatid segregation (Peters et al., 2001, 
1982). It is likely that the genome instability generated by insertion 
and/or amplification of mitochondrial DNA sequences at the pericen-
tromeric region causes age-associated disturbances that will affect 
centromeric function and/or sister-chromatid cohesion. Although 
1841MT involvement in this phenomenon has not been investigated in 
this current study, a deeper understanding of its implication should be 
the subject of future research. Furthermore, smaller fragment integra-
tion undetected with FISH resolution in other regions different from 
centromeres, and affecting lymphocyte function, is also possible. 

An improper centromeric function compromises correct segregation 
and predisposes the chromosome to premature chromatid separation, 
chromosome lagging and chromatid non-disjunction in aged cells (Pel-
lestor et al., 2003; Liu and Keefe, 2008). Both laggard chromosomes and 
chromosomal fragments that fail to reach daughter nuclei during cell 
division appear as MN in the cytoplasm, resulting in uneven genetic 
material distribution and increased aneuploidy (Catalán et al., 1995, 
2000; Cottliar and Slavutsky, 2001). Whereas genomic instability is a 
hallmark of aging as already mentioned, MN formation is considered 
one of the best validated biomarkers of chromosome instability related 
to aging (Fenech et al., 2020). Other nuclear abnormalities are also 
found with MN such as NPBs, a phenomenon that reveals dicentric 
chromosomes generated by end-to-end chromosomal fusions that is a 
useful marker for loss of telomere integrity associated to age 

(Quintana-Sosa et al., 2021). 
A progressive increase in MN frequency related to aging was 

observed in peritoneal T lymphocytes. This is in good agreement with 
previous studies in human populations reporting that MN production 
increases with age, as well as and in several neurological degenerative 
age-related diseases such as Alzheimer’s and Parkinson’s disease 
(Bonassi et al., 2011; Fenech and Bonassi, 2011). Although it has been 
reviewed that NPB frequency increases in normal aging due to a 
decrease in DNA repair capacity (Thomas et al., 2007), our findings 
show that telomere integrity is not mainly affected in the mice lym-
phocytes studied, because the NPB frequency observed was one order of 
magnitude lower than the frequency of MN formation. In addition, 
non-significant increase with aging was detected. 

CBMN assay in combination with FISH using mouse pancentromeric 
probe shows a high frequency of Cen+MN, revealing that the major 
cause for MN formation in the lymphocytes analyzed is correct centro-
meric function failure, whereas MN without centromere sequences 
originated by fragments from chromosomal arms breakage are scarcely 
found. Taken all together, our data suggest that there is a chromosomal 
loss related to aging in mice that will lead to the formation of aneuploid 
lymphocytes. Different age-related causes can be addressed, such as 
mitotic spindle errors (Macedo et al., 2018) or dysfunctional cell cycle 
control proteins (Thompson et al., 2010). The positive correlation found 
between 1841MT signals and Cen+MN frequency suggests that the 
preferential insertion of the mitochondrial DNA sequences at the peri-
centromeric regions could affect segregation as well, contributing to the 
chromosome loss related to age. However, the mechanistic relationship 
between mtDNA insertions and chromosome instability remains to be 
elucidated. Moreover, the finding that the number of MN per cell does 
not increase with age is consistent with the results of Caro et al. (2010) 
who reported that age-related increase in mtDNA fragment insertion 
does not occur at random, but in definite regions where mtDNA is 

Fig. 4. Relationship between A) mtDNA relative fluorescence (Rf 1841MT) and micronucleated binucleated cell frequency (MNed BN frequency), B) Rf 1841MT and 
lymphoproliferation, C) MNed BN frequency and lymphoproliferation. R=Pearsońs correlation coefficient; * : p < 0.05; **: p < 0.01. 
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already present. Later evidence has pointed out the role of DNA 
sequence microhomology in mitochondrial-nuclear DNA integration 
events (Ju et al., 2015). 

An important fact to be analyzed is the consequence of an increasing 
genomic instability and MN formation in lymphocyte function and their 
implication in immunosenescence. We have observed an age-related 
decrease of the proliferative capacity of the lymphocytes, which is a 
typical marker of immunosenescence (Martinez de Toda et al., 2016), 
along with an increase in apoptosis, two related processes in these im-
mune cells that become unbalanced with advancing aging (Ginaldi et al., 
2000; Sikora, 2015). Our results agree with previous investigation 
reporting that genome instability and numerical chromosome changes, 
due to chromosome missegregation or loss, cause defective cell division, 
apoptosis and cell cycle arrest (Hanahan and Weinberg, 2011; George 
et al., 2014). Similarly, Bolognesi et al. (1999) confirmed the relation 
between the MN increase with age and the diminished proliferation in 
lymphocytes from both men and women. In this context, Decordier et al. 
(2002) demonstrated that MN trigger the elimination of micronucleated 
lymphocytes by directly inducing apoptosis. Our results seem to be 
consistent with this evidence, since a higher frequency of cells with 
cytological signs of late-stage apoptosis was observed at the old age. 

The immunosenescence, and more concretely the lower proliferative 
capacity of response to T lymphocytes, is a consequence of the age- 
related oxidative stress (De la Fuente and Miquel, 2009). It is known 
that excessive and prolonged exposure to high ROS concentrations in-
duces immune dysfunction, inhibiting T-cell proliferation and leading to 
apoptosis (Thorén et al., 2007). This chronic oxidative stress that occurs 
with age (with increasing ROS generation, together with a decline in 
antioxidant defenses) is associated with the oxidative damage to 
mtDNA, which has been considered the origin of the mitochondrial 

fragments (Singh et al., 2015) that can escape from the mitochondria 
towards the nucleus (Ritcher, 1988). Thus, in agreement with previous 
results (Martinez de Toda et al., 2020), lymphocytes of old animals 
showed more concentration of oxidants such as GSSG and MDA and less 
of the GR activity (a relevant antioxidant defense). Moreover, we find 
that these increased GSSG and MDA concentrations positively correlate 
with the mtDNA amounts detected in the nuclear genome of the lym-
phocytes analyzed, as well as, conversely, that the decreased GR activity 
negatively correlates with 1841MT amount. 

Our results provide clues that allow us to propose a novel mechanism 
underlying immunosenescence in which mtDNA fragments, originated 
by the oxidative damage caused by the production of mitROS 
throughout the lifetime, accumulate inside the nuclear genome of T 
lymphocytes in a time-dependent way. The entrance of mitochondrial 
fragments at the pericentromeric regions may compromise chromosome 
segregation, causing genetic loss that leads to MN and aneuploid cell 
formation with reduced proliferation capacity. 

The novelty of this proposal is worth mentioning because, to date, 
studies regarding insertions of mtDNA in the nuclear genome related to 
aging are scarce and circumscribed to the descriptive level. However, 
experimental mechanistic evidence of this phenomena is still needed, so 
further research deciphering this new mechanism will be the subject of 
our future investigations. 

Additionally, and considering the need for clear, suitable and accu-
rate indicators of biological age, our results point out the potential use of 
mtDNA fragment insertion in the nuclear genome as a cytogenetic 
parameter to be considered as a marker for biological age and longevity 
prediction. 

Fig. 5. Relationship between mtDNA relative fluorescence (Rf 1841MT) and A) Glutathione reductase activity (GR activity) B) Oxidized Glutathione (GSSG) con-
centration and C) Malondialdehyde (MDA) concentration. R=Pearsońs correlation coefficient; * : p < 0.05; **: p < 0.01. 
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