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Summary 

Mitochondria play an important role in the cell aging process. Changes in calcium 

homeostasis and/or increased reactive oxygen species (ROS) production lead to the opening 

of mitochondrial permeability transition pore (MPTP), depolarization of the inner 

mitochondrial membrane, and decrease of ATP production. Our work aimed to monitor age-

related changes in the Ca2+ ion effect on MPTP and the ability of isolated rat liver 

mitochondria to accumulate calcium. The mitochondrial calcium retention capacity (CRC) 

was found to be significantly affected by the age of rats. Measurement of CRC values of the 

rat liver mitochondria showed two periods when 3 to17-week old rats were tested. 3-week and 

17-week old rats showed lower CRC values than 7-week old animals. Similar changes were 

observed while testing calcium-induced swelling of rat liver mitochondria. These findings 

indicate that the mitochondrial energy production system is more resistant to calcium-induced 

MPTP opening accompanied by the damaging effect of ROS in adult rats than in young and 

aged animals.  
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Introduction 

The aging of mammalian organisms is extensively studied by many laboratories, but 

its detailed mechanism was not yet fully elucidated. There is a consensus that aging is a 

multifactorial process induced by many endogenous and exogenous factors and that 

mitochondria play a crucial role in it (Kalous and Drahota 1996, Barja 2011, Barja 2014, 

Cedikova et al. 2016, Son and Lee 2019). It is evident that the growth of mammalian 

organisms and the functional activity of cell populations require a continuous supply of 

energy. Therefore, the decline of the mitochondrial energy generation system could be one of 

the essential indicators characterizing the aging process. Energy producing system localized 

on the mitochondrial membrane is dependent on the formation of the proton gradient across 

the inner mitochondrial membrane, and all factors that make the inner membrane permeable 

decrease the efficiency of energy generation (Brand 2000). Reactive oxygen species (ROS) 

produced by mitochondria were proposed as the main factor participating in mitochondrial 

damage during aging (Benzi et al. 1992, Barja et al. 1994, Guerrieri et al. 1996, Lenaz et al. 

1997, Davies et al. 2001, Barja 2004, Barja 2014).  

The changes in calcium homeostasis also play a critical role in the aging process. In 

mitochondria, calcium ions regulate MPTP. Increased Ca2+ concentration, in addition to other 

changes (inorganic phosphate concentration, oxidative stress), causes MPTP opening and may 

lead to induction of cell death (Brand 2000). Reactive oxygen species decrease the calcium 

concentration needed for MPTP opening (Drahota et al. 2012a, Endlicher et al. 2019). The 

increased formation of ROS and the oxidative damage of mitochondrial membrane lipids and 

proteins associated with MPTP function and regulation are thus likely to promote MPTP 

opening during aging and induce cell death (Bonora and Pinton 2014). 

 

Methods 

Chemicals 

All chemicals, unless otherwise stated, were of analytical grade and obtained from 

Sigma-Aldrich (Germany). Calcium Green-5N was obtained from Thermo Fisher Scientific 

Inc. (Waltham, MA, USA). 

Animals  
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Male Wistar rats (50 - 500 g); (3 – 17-week old) were obtained from Velaz (Lysa nad 

Labem, Czech Republic). The rats were housed at 23±1 °C, 55±10% humidity, with air 

exchange 12-14 times/h and a 12 h light-dark cycle period. The animals had free access to a 

standard laboratory diet (ST-1, Velaz, Czech Republic) and tap water. We used rats aged 3, 5, 

7, 10, 13, and 17-week for experiments. All animals received care according to the guidelines 

set by the Animal-Welfare Body of Charles University (Czech Republic) and the EU 

Directive 2010/63/EU for animal experiments (approval number MSMT- 44579/2014-3). 

Protocols complied with ARRIVE guidelines. The animals were sacrificed under general 

anesthesia by exsanguination from the aortic bifurcation. The livers were removed, washed in 

a cold isolation medium, and cut into small pieces. 

Isolation of mitochondria 

All experiments were performed on isolated liver mitochondria. Mitochondria were 

isolated as described previously (Bustamante et al. 1977). The cut and washed tissue (3 g) 

was homogenized at 0 °C by a Teflon-glass homogenizer in an isolation medium containing 

220 mM D-mannitol, 70 mM sucrose, 2 mM HEPES, 0.2 mM EGTA, and 0.5 g of fatty acid 

free bovine serum albumin per liter, at a pH of 7.2. The 10% homogenate was centrifuged for 

4 min at 830 g, and the resulting supernatant was centrifuged for 15 min at 5 200 g. The 

mitochondrial sediment was washed twice (10 min at 11 200 and 13 000 g) in the isolation 

medium lacking EGTA and suspended in the same medium to a final volume of 3 ml. Isolated 

mitochondria were stored at 0 °C. All data were measured immediately after isolation. 

Determination of mitochondrial proteins 

The mitochondrial protein concentration was determined using the Bradford method 

with bovine serum albumin as a standard (Bradford 1976). 

Measurement of calcium retention capacity  

The mitochondrial retention capacity for calcium (CRC) was evaluated using the 

membrane-impermeable fluorescent probe Calcium Green-5N on an AMINCO-Bowman 

Series 2 spectrofluorometer (Thermo Electron Corporation) using an excitation wavelength of 

506 nm and an emission wavelength of 592 nm. Briefly, 1 µM Calcium Green-5N, 10 mM 

succinate, 0.5 µM rotenone, and mitochondria (0.4 mg protein per ml) were added to 1 ml of 

swelling medium (125 mM sucrose, 65 mM KCl, 10 mM HEPES, and pH 7.2). Afterward, 

calcium chloride (CaCl2) was added; its concentration was increased by 1.25 𝜇M with every 
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addition. CaCl2 was added repeatedly in the same periods (150 s) at intervals indicated in the 

text to figures. The probe reversibly binds to calcium ions. Therefore, when calcium is added 

to the medium, the fluorescence signal increases. When added calcium is accumulated by 

mitochondria and separated from impermeable fluorophore by the mitochondrial membrane, 

the fluorescent signal in the medium decreases. After sequential calcium additions, the 

retention capacity for calcium is reached, the pore opens, accumulated calcium is released 

from mitochondria to the medium, and the fluorescence signal rises dramatically (see Fig.1) 

(Ichas et al. 1997, Fontaine et al. 1998). 

Measurement of mitochondrial swelling 

The swelling of isolated liver mitochondria was measured as described before 

(Drahota et al. 2012a, Drahota et al. 2012b). Mitochondrial swelling was estimated as a 

decrease of absorbance at 520 nm at room temperature on a Shimadzu UV 1601 

spectrophotometer in 1 ml of a swelling medium containing (125 mM sucrose, 65 mM KCl, 

10 mM HEPES, pH 7.2) with addition of 10 mM succinate, 0.1mM K-phosphate, and 

mitochondria (0.25 mg protein per ml). After 1 minute of preincubation of mitochondrial 

suspension 25 µM CaCl2 solution was added, and the absorbance changes were detected at 10 

s intervals for further 15 minutes. The maximum swelling rate was calculated after derivation 

of swelling curves and expressed as dA520 /10 s.  

Statistical analysis 

The experiments were performed at least five times; the representative results are 

shown. Values are depicted as the means ± SD; 𝑃 < 0.05 was set as the statistical significance 

threshold. Statistical evaluation was performed using GraphPad Prism 6.01 software (La Jolla, 

CA, USA). The data were first tested for normality by means of the Kolmogorov-Smirnoff 

test. CRC values did not follow a Gaussian distribution and thus were analyzed by 

nonparametric Kruskal-Wallis test followed by Dunn's multiple comparisons test. The 

swelling data with Gaussian distribution were further analyzed by a parametric ANOVA and 

the Dunnett posttest. 

 

Results 

We started our experiments by determining calcium retention capacity in three age 

groups of animals: three weeks, seven weeks, and seventeen weeks old. Three weeks old rats 
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are at the end of the suckling period, seven weeks-old are considered as the beginning of 

sexual maturation, and seventeen weeks are considered as the period of development to 

senescence when aging processes occur (Ost'adalova and Babicky 2012). Fig. 1 demonstrates 

that the highest value of CRC was obtained in the group of 7-week old animals. The CRC 

values were lower in both 3- and 17-week groups. Then we included three more groups: 5, 10, 

and 13-week old animals. The results we obtained are presented in Fig. 2 and Table 1. When 

compared with the 7-week group, all other age groups tested have significantly lower CRC 

values. Based on data presented in Table 1, the CRC values of 7-week old animals are on 

average 28.8 ± 6.7 nmol Ca2+/mg mitochondrial protein and are used as 100 % values for 

comparison with other groups. In 3-week old animals, the CRC values decreased to 42.1 %, 

and in 5-week group decreased to 70.6 %. In older groups of 10-week old animals, the CRC 

values decreased to 70.6 %, in 13-week old animals, the CRC values decreased to 63.6 %, and 

in 17-week old animals, to 57.7 % in comparison with 7-week group.  

In further experiments, we used another method to evaluate properties of isolated rat 

liver mitochondria during aging. We tested calcium-induced swelling of liver mitochondria in 

animals at the same age (3-17 week) as in previous experiments, where we assessed calcium 

retention capacity. Data presented in Fig. 3 showed similar age-dependent changes and 

confirmed findings observed when CRC values were measured (Fig.1). The maximum 

swelling rate values of isolated liver mitochondria from 3 to 17-week old rats are presented in 

Table 2. The maximum swelling rate values are expressed as changes of dA520 /10 s and in 

percent compared to 7-week old rats. All tested groups showed an increased swelling rate 

relative to the control (7-week old animals) group. 

 

Discussion 

Many literature data indicate the age-dependent decline of numerous processes in cell 

metabolism and in functional activity of all organs. Most of them are related to the decrease of 

cell energy metabolism. Therefore, all these studies aim to understand the detailed mechanism 

of the aging process, define its starting point, and all factors that may accelerate or slow down 

this process. As mentioned in the introduction, there is a general agreement that mitochondria 

play an essential role in generating energy essential for functional activity of all organs and 

cell repair and recovery and that reactive oxygen species are the main factor damaging this 

important mitochondrial activity. Previous works described changes in mitochondrial ATP 
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synthase activity (Guerrieri et al. 1994), DNA methylation inducing epigenetic changes of 

multiple genes coding mitochondrial proteins (Ciccarone et al. 2018), and changes in the 

degree of fatty acid unsaturation in mitochondrial membranes (Pamplona et al. 1996, Barja 

2014). Mitochondrial ROS generation is clearly responsible for all these age-dependent 

changes (Papa and Skulachev 1997, Barja 2004, Barja 2014). However, overexpression of 

mitochondrial superoxide dismutase decreased ROS concentration in cells without a 

corresponding prolongation of life span (Yen et al. 2009).  

Therefore, it is necessary to find another way how to protect the mitochondrial energy 

generating system. (Di Lisa and Bernardi (2005) described age-dependent changes in the 

function of MPTP. Its opening induced by calcium ions results in a dissipation of membrane 

potential across the inner mitochondrial membrane, thus inhibiting ATP generation (Bonora et 

al. 2015). Therefore, we tested the functional activity of MPTP in isolated mitochondria and 

found profound changes in CRC during aging. Our data have shown that during the postnatal 

period, the resistance of mitochondria to calcium effects increases, and adult animals have 

optimal conditions for energy generation. Then, during aging further period of ontogenesis, 

this ability decreased almost to less than 60 % of values detected in adult animals. Our results 

are in concordance with findings of Mather and Rottenberg (2000). They have shown that the 

threshold for calcium-induced calcium release was significantly lower in isolated brain and 

liver mitochondria from aging mice. In addition, it has been repeatedly documented that there 

are significant differences between different types of mitochondria in their threshold to 

calcium induced MPTP activation. Mitochondria from mouse liver require a much larger 

overload of calcium than rat liver.   

We confirmed the results obtained by measuring the calcium retention capacity of 

isolated mitochondria by assessing the rate of calcium-induced swelling in the same age 

periods. Moreover, our data show the same age-dependent changes as obtained by 

measurement of CRC values. We believe that using these methods could help to find 

substances able to protect mitochondrial permeability transition pore against harmful effects 

of ROS and thus help to prolong the life span.  
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Text to figures   

Fig. 1. Representative curves of the mitochondrial CRC of rat liver mitochondria. 

Mitochondria isolated from 3, 7 and 17-week old rats were titrated by 1.25 𝜇M CaCl2. The 

interval between two additions of CaCl2 was 150 s. 

 

Fig. 2. Statistical evaluation of CRC changes. Mitochondria were isolated from 3 to 17-week 

old rats. The values of CRC are expressed in nmol Ca2+/mg protein. Values of 7-week old 

animals are used as 100 % values for statistical comparison with other groups. ***p<0.001 vs 

7-week old rats 

 

Fig. 3. Representative curves of the mitochondrial swelling of rat liver mitochondria. 

Mitochondria isolated from 3 to 17 old rats were induced by 25 𝜇M CaCl2. 

 

 

Table 1. Determination of calcium retention capacity values (CRC) in isolated rat liver 

mitochondria. 

age of rat No. of rats in group/ CRC - total amount of accumulated Ca2+ % retention capacity 

  No. of mit. samples  (nmol/mg prot.)   to values of 7-week 

3 weeks   7/14   12.11 ± 3.93 ***    42.09 ± 13.67 

5 weeks   4/8   20.31 ± 4.42 ***    70.61 ± 15.36 

7 weeks   21/34   28.77 ± 6.65               100.00 ± 23.13 

10 weeks   9/16   20.31 ± 6.14 ***    70.61 ± 20.36 

13 weeks   8/14   18.30 ± 2.97 ***    63.62 ± 10.31 

17 weeks   8/16   16.60 ± 4.38 ***    57.71 ± 15.22 

***p<0.001 vs 7-week old rats    

 

Text to Tab. 1  

The values of CRC of rat liver mitochondria isolated from 3 to 17-week old rats. The values 

of CRC are expressed in nmol Ca2+/mg protein and in percent compared to 7-week old rats. 
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Table 2. Determination of maximum swelling rate of isolated rat liver mitochondria induced 

by addition of 25 µM Ca2+. 

age of rat No. of rats in group/ maximum swelling rate ratio proportion to values of 7-week 

  No. of mit. samples        (dA520)/10 s   (%) 

3 weeks    8/8         0.021 ± 0.015  213.45 ± 152.94  

5 weeks    4/5         0.013 ± 0.004  132.44 ±   43.39 

7 weeks    7/7         0.010 ± 0.007  100.00 ±   67.75 

10 weeks  11/11         0.018 ± 0.013  180.76 ± 134.64 

13 weeks   8/8         0.015 ± 0.004  158.01 ±   42.53 

17 weeks   8/8         0.030 ± 0.012 **  310.15 ± 119.67 

**p<0.01 vs 7-week old rats   

 

Text to Tab. 2 

The values of maximum swelling rate of isolated liver mitochondria from 3 to 17-week old 

rats. The values of maximum swelling rate are expressed as changes dA520 /10 s and in 

percent compared to 7-week old rats. 
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