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Abstract

:

The changes in telomere length and mitochondrial DNA copy number (mtDNAcn) are considered to be aging markers. However, many studies have provided contradictory or only fragmentary information about changes of these markers in animal models, due to inaccurate analysis methods and a lack of objective aging standards. To establish chronological aging standards for these two markers, we analyzed telomere length and mtDNAcn in 12 tissues—leukocytes, prefrontal cortex, hippocampus, pituitary gland, adrenal gland, retina, aorta, liver, kidney, spleen, skeletal muscle, and skin—from a commonly used rodent model, C57BL/6 male mice aged 2–24 months. It was found that at least one of the markers changed age-dependently in all tissues. In the leukocytes, hippocampus, retina, and skeletal muscle, both markers changed age-dependently. As a practical application, the aging marker changes were analyzed after chronic immobilization stress (CIS) to see whether CIS accelerated aging or not. The degree of tissue-aging was calculated using each standard curve and found that CIS accelerated aging in a tissue-specific manner. Therefore, it is expected that researchers can use our standard curves to objectively estimate tissue-specific aging accelerating effects of experimental conditions for least 12 tissues in C57BL/6 male mice.
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1. Introduction


Accumulating evidence indicates that telomere erosion and mitochondrial dysfunction contribute to cellular aging and aging-related diseases [1,2,3,4,5,6]. Telomeres are tandem repeats of non-coding sequences 5′-(TTAGGG)n-3′ at each chromosomal end, and are responsible for protecting the chromosome from sequence erosion and fusion with neighboring chromosomes. The telomere length of a human leukocyte is about 11 kb in the newborn and decreases to less than 4 kb in old age, not only due to the ‘end replication problem’ during repeated cell replication, but also by oxidative stress and inflammation [6,7,8]. Laboratory mice possess 50–150 kb telomeres [2]. Due to the triple-G-containing structure, the telomere sequence is sensitive to oxidative stress [9], alkylation [10], and ultraviolet (UV) irradiation [11]. Therefore, under chronic stress conditions, telomere shortening can also occur in adult neurons without DNA replication and active mitosis, by inducing telomeric double-strand breaks to a greater extent than in non-telomeric DNA [12]. Short dysfunctional telomeres can trigger tumor initiation by driving genomic instability, but they can also suppress cancer development by promoting cellular senescence or apoptosis pathways [3,13,14].



Mitochondrial DNA copy number (mtDNAcn) has been also documented to alter in aged tissues [1,4,5]. A critical aging regulator, mitochondria are multifunctional organelles that play an important role in cellular energy metabolism, reactive oxygen species generation, cell cycle regulation, cellular differentiation, and apoptosis [15]. Mitochondrial DNA (mtDNA) lacks histones and has a diminished DNA repair system to protect from and restore DNA damage. Therefore, it is more sensitive to oxidative stress than nuclear DNA, and mtDNA damage persists longer than nuclear DNA damage [16]. On the other hand, excessive mtDNAcn has been reported to result in nucleoid (an mtDNA–protein complex) enlargement and mitochondrial dysfunction [17]. Basal mtDNAcn ranges from 1000 to 10,000 per cell, and varies by organism, tissue, and cell type [18,19].



Telomere shortening and mtDNAcn alteration have correlations with oxidative stress and aging-related disorders such as diabetes, cardiovascular diseases, obesity, cancers, Alzheimer’s disease, and Parkinson’s disease, as well as psychiatric diseases [6,15,20,21,22,23]. However, many studies addressing telomere length and mtDNAcn changes in aged or diseased tissues have shown confusing and contradictory results [4,15,22]. Furthermore, although reliable alterations of telomere length and mtDNAcn by diseases or experimental treatments have been observed, it is not possible to quantify the effects on aging acceleration without chronological aging standard curves.



Among various telomere length and mtDNAcn analysis methods, quantitative real-time polymerase chain reaction (qPCR) has recently become a preferred method. In this study, we provide age-dependent standard curves (2–24 months) of telomere length and mtDNAcn in 12 tissues from the C57BL/6 male mouse using qPCR. Based on slopes of these chronological standard curves, the aging acceleration effect of chronic stress was analyzed.




2. Materials and Methods


2.1. Animals


Male C57BL/6 mice were housed in a specific pathogen-free-grade animal facility. Animals used for the standard curve included 10 mice each in the 2-, 6-, 12-month groups, 8 for the 18-month group, and 13 for the 24-month group. Tissues collected for the analysis were leukocytes, brain (prefrontal cortex and hippocampus), pituitary gland, adrenal gland, retina, thoracic aorta, liver, kidney, spleen, soleus skeletal muscle, and abdominal skin.




2.2. Chronic Immobilization Stress


Chronic immobilization stress (CIS) was carried out as previously described [24,25,26]. Briefly, male 8-week-old mice were repeatedly placed in a restrainer for 2 h/day for 15 days after one-week habituation. Five control (CTL) and six stressed (STR) mice were sacrificed on the day after the final CIS. Animal use procedures were performed in accordance with the National Institute of Health (NIH) guidelines. The protocol (GLA-100917-M0093) was approved by the Gyeongsang National University Institution Animal Care & Use Committee (GNU IACUC).




2.3. Telomere Length and mtDNAcn Analysis by Quantitative Real-Time PCR (qPCR)


Leukocytes were isolated from whole blood using erythrocyte lysis buffer (Qiagen, Hilden, Germany). Genomic DNA (gDNA) was extracted from leukocytes, whole blood, and tissues using the DNeasy Blood & Tissue Kit (Qiagen) or the Wizard SV 96 Genomic DNA Purification System (Promega, Madison, WI, USA) according to the manufacturer’s protocol. Primers for real-time PCR of telomeres, cytochrome c oxidase 1 and 2 (Cox1 and Cox2), and a single-copy reference gene 36b4 were designed as previously reported (Table 1).



The PCR amplification efficiencies of the primer sets were adjusted to be in the range of 1.9–2.1. The optimized PCR reaction mixture (10 μL, 384-well plate, triplicates per sample) contained the following components: 10 ng gDNA, 5 μL TopReal qPCR 2× PreMix (Enzynomics, Daejeon, Korea), sense and antisense primers (900 nM each for telomere, 500 nM each for Cox1, Cox2, and 36b4). qPCR was performed using a LightCycler 480 II (Roche Molecular Diagnostics, Pleasanton, CA, USA). The optimized thermal program was one cycle at 95 °C for 10 min, two cycles at 95 °C for 15 s and 49 °C for 15 s for pre-amplification, followed by 45 cycles at 95 °C for 15 s, 62 °C for 10 s, and 72 °C for 15 s for telomere amplification. For Cox1 and Cox2, the thermal program was one cycle at 95 °C for 10 min followed by 45 cycles at 95 °C for 15 s, 60 °C for 10 s, and 72 °C for 15 s. Amplification of 36b4 was performed in the same plates as the telomere or COXs. Following qPCR, the homogeneity of the PCR products was confirmed by melting curve analysis. The telomere length and mtDNAcn were calculated relative to the reference single-copy nuclear gene according to the 2−ΔCt equation [30]: 2(Cttar-Ct36b4) (Ct, threshold cycle; Cttar, Ct value of targets, telomere, or Cox2; Ct36b4, Ct value of the reference single-copy gene, 36b4).




2.4. Statistical Analysis


Data were presented as mean ± SEM. The D’Agostino–Pearson omnibus normality test followed by unpaired Student’s t-test was used to compare averages between two groups. These groups were CTL (n = 15) and STR (n = 18), which were formed from 3 technical replications of 5 CTL and 6 STR samples. To assess the reliability of linear regression lines of age standard curves, r2 (goodness of fit) and p-value (whether a slope is significantly non-zero) were shown in each graph. A p-value < 0.05 was considered statistically significant. Prism (ver. 5.01) (GraphPad, La Jolla, CA, USA) was used for all statistical analyses.





3. Results


3.1. qPCR Condition Optimization


Cox1 and Cox2 PCR primers for the mtDNAcn analysis have gene-specific sequences. Therefore, PCR conditions for COX genes were determined simply by evaluating amplification efficiency and homogeneity of the PCR products via melting curve analysis (Figure S1).



To determine a telomere qPCR protocol, various conditions were evaluated: primer sets, thermal programs, blood sample types, and qPCR master mixes. The thermal schedule for the telg and telc primer set in the original paper utilized a monochrome multiplex qPCR method [27]. In this study, as a modification, the reaction mixtures for telomere and the reference single-copy gene 36b4 were placed in different wells of the same PCR plate and the thermal cycler program was as described in the Materials and Methods section. PCR amplification efficiencies of telomere and 36b4 primer sets, and melting curves of their PCR products, were evaluated under the confirmed PCR conditions (Figure S1). Based on these preliminary tests, the telg–telc primer set and Cox2 primer set were selected as major primers for this study.



The suitability of leukocytes and whole blood for the telomere length analysis were evaluated. Although leukocytes and whole blood samples were prepared from the same mice, the telomere length analysis using the leukocyte samples showed significant shortening of telomeres with aging, which was not observed in whole blood (Figure S2).




3.2. Mouse Age-Dependent Telomere Length and mtDNAcn Standard Curves


Telomere length was significantly decreased in leukocytes, hippocampus, pituitary gland, retina, liver, kidney, skeletal muscle, and skin (Figure 1). The telomere length decline rate compared to the two-month-old was highest in the leukocytes (–50% at 24 months) and the skeletal muscle (–33% at 24 months) (Figure 1).



The mtDNAcn exhibited an increasing or decreasing tendency depending on the tissues (Figure 2). The mtDNAcn of the leukocytes, prefrontal cortex, hippocampus, and soleus skeletal muscle decreased in an age-dependent manner, whereas those of the retina, thoracic aorta, and spleen increased with aging. The mtDNAcn fold change was highest in the leukocytes (2.4-fold higher at 2 months than at 24 months) and the thoracic aorta (2.4-fold higher at 24 months than at 2 months) (Figure 2). Analysis of mtDNAcn using Cox1 also showed similar aging standard curves and slopes to those using Cox2 (Figure S3).




3.3. Application of the Aging Standard Curves for Chronological Age Estimation


As a practical application, we investigated telomere length and mtDNAcn alterations in 12 tissues of C57BL/6 male mice who had suffered from CIS that causes depression-like behaviors [24,25,26], and calculated telomere age and mtDNA age. Telomere length was significantly shortened by CIS in leukocytes, prefrontal cortex, aorta, liver, kidney, and skeletal muscle (Figure 3). The mtDNAcn was significantly decreased by CIS in the prefrontal cortex, kidney, and skeletal muscle, while it increased in the leukocytes, pituitary gland, adrenal gland, aorta, and spleen (Figure 3). The changes in mtDNAcn after CIS were also analyzed using Cox1 primers, which were similar to those found using Cox2 (Figure S4).



Using slopes of the aging standard curves, telomere age and mtDNA age of the stressed mice were determined (Table 2). Aging degree was calculated when the markers were changed by both normal aging and CIS. Telomere age and mtDNA age after CIS were 6.3–14.3 months and 8.0–16.7 months, respectively, although the actual age was 2.5 months (10 weeks). This means that aging due to CIS was accelerated by 3.8–11.8 months in telomeres and by 5.5–14.2 months in mtDNA.



The age of leukocyte mtDNA could not be calculated because the leukocyte mtDNAcn was increased by CIS, whereas its aging standard curve has a tendency to decrease (Figure 2). We also could not calculate the telomere age of the prefrontal cortex and aorta, and the mtDNA age of the pituitary gland, adrenal gland, and kidney, due to a lack of comparable age-dependent regression curves (Figure 1 and Figure 2).





4. Discussion


Our study aimed to provide chronological aging standard curves and slopes of telomere length and mtDNAcn, which can help researchers objectively assess the degree of aging in target tissues in various studies using C57BL/6 male mice. C57BL/6 is one of the commonly used rodent models. Specifically, in psychiatric disorder studies, 67% of studies used male mice, and among them 35% used C57BL/6 male mice (searched in PubMed, on 9 February 2019). In addition, in the Jackson Lab list, 91% (1012 mice) of total live mouse products have C57BL/6 background (https://www.jax.org/). Therefore, the age standard curves of our study would be useful for many studies using C57BL/6 male mice.



To evaluate telomere length by qPCR, we used the telomere primer set telg and telc designed by Cawthon in 2009 [27]. Unlike previously suggested primers that generate PCR products of various lengths [29,31], the telg and telc set produced PCR products of constant length, resulting in stable amplification and clear chronological standard curves (Figure 1 and Figure S1).



Telomere primer sequences were first suggested in 2002 (tel1 and tel2) [31], and then improved in 2009 (telg and telc) with higher accuracy [27]. However, the first primer set still has been cited much more than the new primer set. During 2017–2018, the 2002 paper was cited 515 times, whereas the 2009 paper was cited 227 times (Google Scholar, 12 November 2018). The 2009 paper suggested the monochrome multiplex qPCR method eliminates intra-assay variations due to pipetting errors. However, this method demands specific PCR software or machines, which can provide two different DNA amplification curves for one reaction well. This unusual demand limits universal use of the method. Therefore, we modified the protocol for universal use of the telg and telc primers in a monoplex method.



It has been pointed out that as a telomere length analysis method, qPCR has a high variability [32,33]. However, the analysis results of qPCR using the telg–telc primer set have been reported to show good correlation with a standard method, telomere restriction fragment (TRF) analysis and the recently developed flow fluorescent in situ hybridization (flow FISH) [32,33]. Moreover, qPCR is rapid, efficient, economic, and applicable for all types of tissues from which gDNA could be extracted, which overcomes the limitations of TRF and flow FISH.



The telomere qPCR conditions proposed in this study resulted in reproducible and discriminating amplification outcomes, and the fidelity of the qPCR result was further confirmed by TRF analysis (Figure S5). The telomere standard curves also showed significant changes with aging. To the best of our knowledge, this is the first report of the aging standard curves of mouse telomeres using the telg and telc set and integrating various tissues across the body.



All 12 tissues showed age-dependent changes in telomere length or mtDNAcn (Figure 1 and Figure 2), indicating that we can estimate tissue-specific aging status using at least one of these aging markers. A variety of studies have indicated that telomere erosion occurs in aged human or animal subjects [34]. In our study, all tissues showed telomere length decline with aging. However, the mtDNAcn showed a tendency to increase or decrease with aging depending on the tissue. We found increments in mtDNAcn in the retina, thoracic aorta, and spleen, but the other tissues showed a decreasing tendency with aging (Figure 2).



In addition to mitochondrial dysfunction due to a decreased mitochondrial genome, increased mtDNAcn has also been suggested to be detrimental to cells and eventually induces cellular senescence or apoptosis [17]. Accumulation of mtDNA mutations induces high mtDNAcn in nucleoids (mtDNA–protein complexes), and results in nucleoid enlargement and subsequent mitochondria functional deficiency [35,36]. Excessive mtDNA replication could be triggered by the activation of twinkle mtDNA helicase and mitochondrial transcription factor A [17]. These previous studies support the notion that an increase in mtDNAcn is a normal phenomenon in aging, although the mechanism of tissue-specific increase or decrease with aging remains to be elucidated.



We demonstrated the aging acceleration effect of CIS [24,25,26] by analyzing telomere length and mtDNAcn of 12 tissues. CIS significantly altered at least one of the two markers in 9 of 12 tissues, suggesting that CIS might accelerate aging of these tissues (Figure 3). Based on slopes of the aging standard curves in Figure 1 and Figure 2, we could calculate the degree of aging acceleration of each tissue by CIS (Table 2). These telomere length and mtDNAcn standard curves will provide a strategy for objective quantification of aging acceleration effects of experimental conditions in specific target tissues of the C57BL/6 male mouse, the most commonly used rodent model.



Notably, telomere length of the prefrontal cortex and aorta, and mtDNAcn of the pituitary gland, adrenal gland, and kidney were changed by CIS, although they did not show significant age-dependent changes. Moreover, mtDNAcn of the leukocyte was increased by chronic stress, whereas it showed an age-dependent decreasing pattern (Figure 1, Figure 2 and Figure 3). These results suggest that CIS would be a serious risk factor for these tissues besides a simple aging accelerating effect. Various studies also demonstrated that mtDNAcn increased in the blood of patients with psychiatric disorder [15], cancer [37], lymphoma and leukemia [38], and mitochondrial depletion syndromes [39]. These results suggest that increased blood mtDNAcn by chronic stress could be associated with the development of neoplastic diseases or psychiatric disorders, including depression and anxiety, as shown in our previous studies [24,25,26].



Although there are few studies on telomere length or mtDNAcn changes in the prefrontal cortex due to stress, a post-mortem study in suicide completers showed short telomere length and lower mtDNAcn in the prefrontal cortex, as well as short telomere length and higher mtDNAcn in blood [40], which are similar to our findings in mice. Blood telomere length reduction and mtDNAcn increases have also been reported in patients with major depressive disorder, and in chronically stressed mice [41,42].



It is known that telomerase activity in adult tissues differs between human and rodents. Telomerase is constitutively expressed in various tissues of laboratory mice, whereas it is tightly regulated in human somatic cells [43]. Therefore, the results of mouse experiments cannot be directly applied to humans. Nevertheless, animal model experiments are indispensable to understanding human diseases, and the results have to be compared with human data to infer the clinical symptoms of the human body.



In the present study, we investigated age-dependent changes of telomere length and mtDNAcn in 12 different mouse tissues and provided standard curves and slopes for telomere and mtDNA age calculation in each tissue. These results can be used to objectively estimate the aging accelerating effect of various experiments on each tissue, which will be helpful for many researchers in allowing them to make more convincing interpretations of their results regarding aging.








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4409/8/3/247/s1. Figure S1: Comparisons of qPCR primer sets for telomere length and mitochondrial DNA copy number analysis. (A–D) Standard curves and PCR efficiencies of standard gDNA (ranged from 1.48–40 ng) by each primer set. (E–G) Melting curve analysis of PCR products amplified by each primer set. Figure S2: Telomere length change analysis using purified leukocytes and whole blood of mice aged 2–18 months. The telg–telc primer set was used for the telomere amplification. **, p < 0.01; ***, p < 0.001 compared with the value at 2 months by one-way ANOVA with Dunnett’s multiple comparison test. Figure S3: Aging standard curves for mitochondrial DNA copy number (mtDNAcn) constructed by Cox1 qPCR. The relative mtDNAcn at 2 months is normalized to 1. Slope of the linear regression line, goodness of fit (r2), and p-value (whether a slope is significantly non-zero) are provided for each curve. Figure S4: Chronic immobilization stress (CIS)-induced changes in mitochondrial DNA copy number in 12 tissues analyzed by Cox1 qPCR. Error bar is SEM. *, p < 0.05; **, p < 0.01 from unpaired Student’s t-test. Figure S5: Telomere length analysis by a telomere restriction fragment (TRF) method. Telomere lengths of spleen and kidney were analyzed using TeloTAGGG Telomere Length Assay kit (Roche Diagnostics GmbH, Mannheim, Germany). Each 1.5 μg of gDNA was separated on 0.5% agarose gel and transferred to nylon membrane. The Digoxigenin-labeled telomere probe was hybridized and visualized by alkaline phosphatase-conjugated anti-DIG antibody. The mean TRF value was calculated according to the manufacturer’s protocol. CTL, pooled gDNA of 5 non-stressed control mice. STR, pooled gDNA of 6 chronically stressed mice. Relative telomere length by qPCR are the data in Figure 3 and Table 2.
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Figure 1. Aging standard curves for telomere length of C57BL/6 male mice. The relative telomere length at 2 months is normalized to 1. The slope of the linear regression line, goodness of fit (r2), and p-value (whether a slope is significantly non-zero) are provided for each curve. 
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Figure 2. Aging standard curves for mitochondrial DNA copy number of C57BL/6 male mice. The relative mtDNAcn (analyzed by Cox2) at 2 months is normalized to 1. The slope of the linear regression line, goodness of fit (r2), and p-value (whether a slope is significantly non-zero) are provided for each curve. 
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Figure 3. Chronic immobilization stress (CIS)-induced changes in telomere length and mitochondrial DNA copy number in 12 tissues. *, p < 0.05; **, p < 0.01 from unpaired Student’s t-test between control (CTL, n = 15) and stressed group (STR, n = 18). 
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Table 1. Primers used for quantitative real-time PCR.
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Target

	
Name

	
Sequence

	
Ref.






	
Telomere

	
telg

	
5′-ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT-3′

	
[27]




	
(constant length)

	
telc

	
5′-TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCTAACA-3′




	
Cox1

	
Cox1-F

	
5′-CCCAGATATAGCATTCCCACG-3′

	
[28]




	
Cox1-R

	
5′-ACTGTTCATCCTGTTCCTGC-3′




	
Cox2

	
Cox2-F

	
5′-ATAACCGAGTCGTTCTGCCAAT-3′

	
[28]




	
Cox2-R

	
5′-TTTCAGAGCATTGGCCATAGAA-3′




	
36b4

	
36b4d

	
5′-ACTGGTCTAGGACCCGAGAAG-3′

	
[29]




	
36b4d

	
5′-TCAATGGTGCCTCTGGAGATT-3′
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Table 2. Chronic immobilization stress (CIS)-induced aging acceleration. Telomere age and mitochondrial DNA age of stressed mice (STR) were calculated using the qPCR results (Figure 3) and the slope of the chronological aging standard curves (Figure 1 and Figure 2). The tissues that showed significant changes by both CIS and normal aging are presented.






Table 2. Chronic immobilization stress (CIS)-induced aging acceleration. Telomere age and mitochondrial DNA age of stressed mice (STR) were calculated using the qPCR results (Figure 3) and the slope of the chronological aging standard curves (Figure 1 and Figure 2). The tissues that showed significant changes by both CIS and normal aging are presented.





	Telomere Length
	STR (CTL = 1)
	Slope (/Month)
	Telomere Age

(Actual Age = 2.5 months)



	Leukocyte
	0.9204
	−0.02078
	6.3



	Liver
	0.8968
	−0.00876
	14.3



	Kidney
	0.8953
	−0.01368
	10.2



	Skeletal muscle
	0.9044
	−0.01443
	9.1



	mtDNAcn
	STR (CTL = 1)
	Slope (/Month)
	mtDNA Age

(Actual Age = 2.5 months)



	Prefrontal cortex
	0.8460
	−0.02780
	8.0



	Aorta
	1.4990
	0.06077
	10.7



	Spleen
	1.2170
	0.02637
	10.7



	Skeletal muscle
	0.7116
	−0.02034
	16.7
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