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ABSTRACT 

Seasonal variations play an essential role in the metabolism, behavior and activity of the laboratory animals. This study 
was aimed to examine whether mitochondrial function can be influenced by the seasonal changes and how large is the 
impact of these fluctuations on experiments with using animal models and further results interpretation. Liver mito-
chondria were isolated from male Wistar rats and exposed to calcium ions, PAMAM dendrimers G2.5 or their combina-
tion: (Ca2+) and dendrimer. The scientific hypothesis assumed that dendrimer G2.5 is able to limit the detrimental effect 
of Ca2+ ions on mitochondria function, possibly through affecting the following parameters: calcium transport, mito-
chondrial potential and membrane fluidity. The activity of mitochondria was monitored using fluorescent labels. The 
changes in calcium transport were detected using Calcium Green 5-N, the mitochondrial membrane potential and mem-
brane fluidity were elucidated using JC-1 and DPH, respectively. The experiments were carried out during the autumn 
(October/November) or during the spring (May/June). The obtained data emphasize the effect of seasonal differences 
on liver mitochondria originating from laboratory animals and outline the importance of planning the experiments dur-
ing the same seasonal period in order to receive objective and reliable results in the future. Finally, it was revealed the 
neutral effect of G2.5 dendrimer on mitochondria and its inability to protect mitochondria against overload of calcium 
ions regardless of seasonality. It was also evidenced that liver mitochondria isolated from autumn-derived animals were 
more sensitive to calcium and/or dendrimer exposure in comparison with mitochondria isolated from animals investi-
gated during the spring. 
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1. Introduction 

Mitochondria are important organelles for every cell as 
the powerhouse to provide energy for a multitude of cel-
lular processes. They are also considered as the hub of 
metabolic pathways, primary sources of reactive oxygen 
species, regulators of apoptosis, and buffers of intracel- 
lular calcium. Calcium is a universal intracellular signal- 
ing molecule that regulates many pathways critical to cell 
survival. Under physiological conditions, mitochondrial 
calcium levels are maintained through calcium cycling 
between cytosol and matrix through the uniporter and  

Na/Ca exchanger activities. In addition, large amounts of 
calcium can be found in the form of precipitates in the 
matrix. Calcium overload occurs when mitochondria are 
exposed to calcium concentrations exceeding the matrix 
capacity, and may result in membrane de-energization, 
ROS production, cytochrome c release, permeability 
transition phenomenon (mPT) and apoptosis activation 
[1]. Then, the mitochondrial dysfunction leads to many 
human maladies, including cardiovascular diseases, neu- 
rodegenerative disease, and cancer. Therefore, it is very 
important to protect mitochondria against detrimental 
impact of calcium overload.  

Polyamidoamine (PAMAM) dendrimers are, by far,  *Corresponding author. 
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the best studied of the commercialised and divergently 
synthesised dendrimers. Typically, these dendrimers are 
available in full generations (amine terminated) and half- 
generations (carboxylic acid terminated) that are repre- 
sentative of both their size (i.e., diameter in angstroms) 
and molecular weight. Even at low concentrations, the 
peripheral amine groups of cationic dendrimers damage 
cell membranes and lead to cell toxicity. In contrast, 
anionic dendrimers are much less toxic or even non-toxic 
and have wider application in medical sciences. There- 
fore, the attention was focused on using PAMAM G2.5 
(Scheme 1) as an agent limiting the detrimental Ca2+ 
effect on mitochondria. 

In 2008 we used for the first time the anionic PAMAM 
dendrimer of the higher generation (G3.5) to protect mi-
tochondria against calcium overload. Unfortunately, we 
observed that dendrimer G3.5 used at the concentration 
above 10 µM strongly affected the functionality of rat 
liver mitochondria. On the other hand, the decreased 
level of calcium ions added to mitochondria externally 
was revealed after exposure to G3.5 [2]. This promising 
observation helped to decide to continue these experi- 
ments and to use lower dendrimer’s generation at the 
reduced concentration (5 µM). We believed that these 
“improvements” would lead us to the positive verifica- 
tion of our hypothesis stating that chelating properties of 
anionic PAMAM dendrimers could be applied also 
against diseases involving mitochondrial dysfunctions.  

Recently, some papers reported that PAMAM den- 
drimers were able to bind metal ions [3-5]. It was evi- 
denced using different methods that ions can be chelated 
not only buy dendrimers’ terminal groups but also by 
their internal parts, i.e. by ethylenediamine core [4]. It 

 

 

Scheme 1. The structure of PAMAM dendrimer G2.5. 

was also revealed that anionic dendrimers could form 
complexes with metals which interact much less strongly 
with cell biomacromolecules than pure dendrimer or pure 
metal [5]. 

Considering the above reports, as well as the other 
(non referred to herein), the aim of this study was to 
evaluate the ability of PAMAM G2.5 to bind calcium 
ions used at the concentrations toxic for rat liver mito- 
chondria. We have chosen to this study only liver mito- 
chondria. First of all, this research is a continuation of 
our earlier studies on liver mitochondria and anionic 
PAMAM dendrimer [2]. Secondly, mitochondria isolated 
from different tissues strongly differ between themselves. 
Therefore we focused our attention only on one type of 
mitochondria. Thirdly, liver mitochondria are less sensi- 
tive to “environemental changes”, i.e. various calcium 
concentrations in comparison to brain or heart mitochon- 
dria. Therefore, in our opinion, the liver mitochondria are 
a very good model for our study, the main goal of which 
was to test the hypothesis that PAMAM G2.5 protects 
the mitochondria against detrimental overload with cal- 
cium ions. The calcium-induced mitochondrial changes 
in some parameters (calcium transport, membrane poten- 
tial and membrane fluidity) were examined upon expo- 
sure to the low concentration of PAMAM dendrimer 
G2.5, using liver mitochondria isolated from Wistar rats. 
The exposure of mitochondria to PAMAM dendrimers 
was conducted in two approaches: 1) without the prior 
incubation with G2.5 or 2) with 10 min pre-incubation 
with the dendrimer. The study was performed in four 
steps. First, we selected the calcium concentration with 
the highest toxic activity towards the selected mitochon- 
drial parameter, the calcium movement. Second, we eva- 
luated the concentration of PAMAM dendrimer, which 
appeared neutral (not detrimental) towards another mito- 
chondrial parameter, the transmembrane potential. Third, 
the activity of G2.5 against the detrimental influence of 
calcium ions was assessed. Fourth, the impact of sea- 
sonal variations (autumn and spring) on the collected 
data was analyzed. 

2. Materials and Methods 

2.1. Chemicals 

PAMAM G2.5 dendrimers, 10 wt% solution in methanol 
(ethylenediamine core; molecular weight of this den- 
drimer and the number of terminal sodium carboxylate 
groups are 6265.60 and 32, respectively), succinate, ro- 
tenone, CaCl2, carbonylcyanide m-chlorophenylhydra- 
zone (CCCP), mannitol, EGTA, Tris-HCl, sucrose, Cal- 
cium Green 5-N (CG5-N), 5,5’,6,6’-tetrachloro-1,1’,3,3’- 
tetraethyl benzimidazolyl carbocyanine iodide (JC-1) and 
1,6-diphenyl-1,3,5-hexatriene (DPH) were all purchased 
from Sigma-Aldrich. All other reagents and solvents used 
in this study were of the highest analytical reagent grade. 
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2.2. Biological Material 

Mitochondria were isolated from livers of Wistar rats 
(male, 200 - 250 g) during autumn (October/November) 
and spring months (May/June). All animals used for ex- 
periment were at the same age and were maintained on 
the same diet throughout the whole experimental pe- 
riod(s). Before the experiment, the animals were housed 
under standard environmental conditions for 2 weeks 
(25˚C, with a light/dark cycle of 12 h/12 h). The experi- 
ments were conducted in accordance with the Guide for 
the Care and Use of Laboratory Animals published by 
the US National Institute of Health (NIH Publication No. 
85-23, revised 1985), as well as with the guidelines for- 
mulated by the European Community for the Use of Ex- 
perimental Animals (L358-86/609/EEC) and the Guiding 
Principles in the Use of Animals in Toxicology (1989). 

2.3. Isolation of Liver Mitochondria 

Liver mitochondria were isolated from male Wistar rats 
according to the procedure described previously [2]. 
Briefly, liver was removed from the rat killed by decapi- 
tation and immediately cooled down to 4˚C in the ho- 
mogenization medium (75 mM sucrose, 225 mM manni- 
tol, 5 mM Tris-HCl, pH 7.4, 0.5% BSA and 0.1 M 
EGTA). The liver tissue was washed to remove blood 
and connective tissue, cut into small pieces, homoge- 
nized using glass homogenizer and centrifuged for 5 min 
at 740 × g. Then, the pellet was discarded, and the super- 
natant was centrifuged again for 10 min at 9000 × g. The 
resulting supernatant was removed together with the top 
layer of the pellet, which contained damaged mitochon- 
dria. The dark-brown, “dense” mitochondrial pellet was 
resuspended in isolation buffer II (225 mM mannitol, 75 
mM sucrose, 5 mM Tris-HCl, pH 7.4, 0.5% BSA) and 
centrifuged again for 10 min at 10,000 × g. For the final 
spin (10,000 × g for 10 min), the pellet was resuspended 
in the isolation buffer III (225 mM mannitol, 75 mM su- 
crose, 5 mM Tris-HCl, pH 7.4). The mitochondrial pellet 
was gently resuspended in the isolation buffer (contain- 
ing 250 mM sucrose, 0.5 mM EDTA, 10 mM Tris and 1 
g/l bovine serum albumin, pH 7.4) and stored on ice prior 
to the experiments. 

All isolation procedures were carried out at 0˚C - 4˚C. 
During experimentation, mitochondria were stored on ice 
in the isolation medium until use. The experiments were 
performed up to 4 h after preparation. The protein con- 
centration in each sample was determined by the Lowry 
method.  

2.4. Transport of Ca2+ Ions across  
Mitochondrial Membranes 

Transmembrane transport of calcium ions following the 
treatment with PAMAM G2.5 was monitored according 

to the procedure reported previously [6]. Briefly, the 
fluorescent dye Calcium Green 5-N was used to record 
the fluctuations in the extramitochondrial level of cal- 
cium ions upon addition of dendrimer G2.5. The whole 
experiment was divided into 2 stages: 1) the evaluation 
of EC50 and EC100 for Ca2+ ions (study carried out in au- 
tumn) and 2) the estimation of EC50 for dendrimer’s ac- 
tivity (the study carried out in spring). Mitochondria (0.3 
mg/ml protein) were suspended in 1.5 ml of buffer con- 
taining 100 mM KCl, 10 mM HEPES, 25 µM EGTA, 10 
µM rotenone, 5 mM succinate, and 200 nM Calcium 
Green 5-N (KD = 190 nM), pH 7.2. The following vari- 
ants were used: 1) 5 µM PAMAM G2.5; 2) 10 min pre- 
incubation with 5 µM PAMAM G2.5; 3) 10 min prein- 
cubation with methanol (solvent for dendrimer); and 4) 
without PAMAM G2.5 (control). The Ca2+ uptake by 
mitochondria was monitored as the decreased fluores- 
cence of Calcium Green 5-N along with the portions of 
external Ca2+ added to the medium. A mitochondrial un- 
coupler, i.e., CCCP (5 µM), was used for internal control, 
to obtain maximum depolarization (data not shown), and 
massive release of Ca2+ by mitochondria in the presence 
of this protonophore. The titration of the suspension of 
mitochondria with external calcium led to stepwise Ca2+ 
accumulation in the medium until calcium overload was 
achieved. The measurements were conducted with a con- 
stant stirring at 37˚C, using a PerkinElmer luminescence 
spectrometer (Model LS55), and emission continuously 
recorded at 531 nm with an excitation wavelength set at 
506 nm. The relationships between the concentration of 
external calcium (x) and the fluorescence intensity of 
Calcium Green 5-N (y) were fitted to the four parametric 
regression curves: y = a + {[b − a]/[1 + (x/c)d]}, and the 
values of EC50 (the effective dose of concentration for 
which the 50% effect occurs) for the tested samples were 
calculated by resolving of this function for f(x) = ymax/2. 
The coefficients of the above regression curves were 
iterated with the use of the quasi-Newton algorithm, us- 
ing the convergence criterion of 0.0001 for max 500 it- 
erations with the initial step of 0.5 for all the coefficients 
(GraphPad Prism ver. 5 and STATISTICA for Windows, 
ver. 10). 

2.5. Evaluation of Transmembrane Potential 
with JC-1 

Mitochondrial transmembrane potential following the 
treatment with Ca2+ ions and/or PAMAM G2.5 was 
monitored with the fluorescent cationic dye JC-1 ac- 
cording to the procedure reported by Feeney et al. [7]. 
The whole experiment was divided into 2 stages: 1) the 
evaluation of the safe (neutral) concentration of PAMAM 
dendrimer G2.5 (tested concentrations: 1, 2.5, 5, 10, 20 
and 50 µM; the study carried out in autumn) and 2) the 
assessment of the activity of the concentration of den- 
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drimer selected in the stage 1 (non- and 10-min pre-incu- 
bated) with and without Ca2+ ions (used at EC50 and 
EC100), (the study carried out in spring). CCCP (5 µM) 
was used as a positive control (uncoupling compound). 

Mitochondria (0.3 mg/ml protein) were suspended in 
1.5 ml of buffer containing 125 mM KCl, 10 mM 
Tris-HCl, 2.5 mM KH2PO4, 10 mM EGTA, 10 µM ro- 
tenone, 5 mM succinate, and 1 µM JC-1, pH 7.4. Fluo- 
rescence measurements were performed in a Perkin- 
Elmer luminescence spectrometer (Model LS55). The 
excitation wavelength for JC-1 was 490 nm and the 
emission wavelengths were observed at 535 nm (fluo-
rescence characterised for JC-1 monomers) and at 595 
nm (fluorescence characterized for JC-1 aggregates). 
Then, the ratio of monomers to aggregates (535/595) was 
evaluated. The higher membrane depolaryzation, the 
higher value of this ratio was observed. 

2.6. Assessment of Membrane Fluidity with DPH 

The fluorescence probe DPH (1,6-diphenyl-1,3,5-hexa- 
triene) was used to assess the so-called “fluidity” of the 
mitochondrial membrane in rat liver mitochondria after 
the treatment with PAMAM dendrimer G2.5 (5 µM) and 
Ca2+ ions (at EC50 and EC100, 37˚C) according to the 
procedure reported previously [6]. Mitochondria were 
resuspended at a final protein concentration of 0.75 
mg/ml in the “analysis buffer”, containing 60 mM KCl, 
10 mM KH2PO4, 60 mM Tris-HCl, 0.5 mM EDTA, 5 
mM succinate, and 10 µM rotenone, pH 7.4. Samples 
were incubated with DPH for 15 min to allow complete 
incorporation of the probe into the membranes. Fluores- 
cence measurements were performed in a Perkin Elmer 
luminescence spectrometer (Model LS55). The excitation 
and emission wavelengths for DPH were selected with 
monochromators set to 360 nm (5 nm slit width) and 450 
nm (5 nm slit width), respectively. The degree of fluo-
rescence anisotropy was calculated according to Shi- 
nitzky and Barenholz [8].  

2.7. Statistical Analysis 

All measurements of mitochondrial parameters were 
performed in triplicates. Due to occasional data asymme-
try in some variables and groups all data were expressed 
as median and interquartile lower-upper range (25% - 
75%). Data normality was checked using the Shapiro- 
Wilk’s test and variance homogeneity was verified with 
Levene’s test. Then, data with evidenced normality were 
analyzed with parametric tests and these with non-proved 
normality were analyzed with non-parametric tests (Mann- 
Whitney U test with Bonferroni’s correction for multiple 
comparisons). For heterogeneous variances, the non- 
parametric Kruskal-Wallis test and non-parametric Con- 
over-Inman post-hoc test for multiple comparisons were 

used. The statistical significance between homogenous 
groups was estimated using one-way ANOVA or two- 
way ANOVA and post hoc Tukey tests. For all experi-
ments, the number of sample size was estimated for type 
I and II statistical errors of 0.05 and 0.8, respectively. 
Furthermore, the power of used tests was also checked 
for each (parametric) analysis. The power test below 
80% was considered as unbelievable outcome and the 
constructive conclusions were not formulated. All statis- 
tical calculations were made with the use of STATIS- 
TICA.PL v.9 or 10 (StatSoft) and StatsDirect (Stats-Di- 
rect Limited). EC50 parameters were calculated using 
GraphPad Prism (ver. 5). 

3. Results 

All presented results were collected during two different 
seasonal stages: autumn and spring. We do not show the 
data from winter or summer. Results obtained in autumn 
were compared to these ones received in spring and 
based on these comparisons we have drawn the conclu- 
sions presented below. In this paper we report only the 
part of our study performed on liver mitochondria. 

3.1. Calcium Movements across Mitochondrial 
Membranes 

The sensitivity of rat liver mitochondria on calcium ions 
was assessed by fluorescence method, using Calcium 
Green 5-N for the monitoring of calcium concentration 
outside the organelles in the suspension of mitochondria. 
The design of this experiment was to titrate mitochondria 
suspension with small aliquots of Ca2+ ions (up to 2 µM) 
and to determine the external concentration of Ca2+ ions, 
up to which calcium gradually accumulates inside mito-
chondria until the abrupt depolarization of mitochondrial 
membrane. 

3.1.1. Effect of Ca2+ Ions on Mitochondria—The  
Evaluation of EC50 and EC100 during the  
Autumn Measurements 

Based on the obtained titration curves (9 curves from 9 
animals), we were able to evaluate the effect of calcium 
on the “iterated” values of the EC50 and EC100 parameters. 
The example of such a curve, characteristic for this stage 
of the study (autumn measurements), was presented in 
Figure 1. The value of EC50 was 18.5 ± 1.019 µM and 
EC100 was 37 ± 2.040 µM. Data were expressed as mean 
± SEM. 

3.1.2. Effect of PAMAM G2.5 on Ca2+ Mobilization 
across Mitochondrial Membranes—The 
Evaluation of EC50 during the Spring  
Measurements  

In this experiment, the dendrimer G2.5 was used at the  
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concentration of 5 µM (selected based on the measure- 
ments of membrane potential with JC-1). The effect of 
the dendrimer was tested in two approaches: 1) without 
the prior pre-incubation and 2) with 10 min pre-incuba- 
tion. In Table 1 the values of EC50 are presented, calcu- 
lated for the autumn and spring measurements. 

Based on statistical calculations it was revealed that 
mitochondria isolated from animals investigated in au- 
tumn were more sensitive to calcium ions compared to 
the organelles isolated from spring animals. As shown in 
Figure 2, the higher concentration of calcium ions (33.3 
µM) was needed to reach 50% calcium-induced mito-
chondria depolarization isolated from spring animals 
compared to autumn rats (18.5 µM), P < 0.05.  

The effect of PAMAM dendrimer G2.5 on calcium ions 
movement across mitochondrial membranes was not ob- 
served, neither in the mitochondria not pre-incubated nor 
in those pre-incubated with PAMAM G2.5. This suggests 
that dendrimer used at this concentration (5 µM) was not 
able to limit the mitochondrial depolarization caused by 
Ca2+ ions. On the other hand, the dendrimer did not con- 
tribute to the increased sensitivity of mitochondria to cal- 
cium, as we evidenced its neutral impact on the tested 
parameter. 

 

 

Figure 1. Titration of rat liver mitochondria with calcium 
ions. The EC50 and EC100 were calculated based on the 
resolving of the four-parametric curve, y = a + {[b − a]/[1 + 
(x/c)d]}, using GraphPad Prism software, ver. 5 for non- 
linear regression curves. For further experimental and data 
analysis details see Section 2. 
 
Table 1. Values of EC50 evaluated in different seasons for rat 
liver mitochondria exposed to Ca2+ ions and PAMAM G2.5. 

Autumn Spring  P 

Control Control +G2.5 
+G2.5 

pre-incubated 
 

18.5 ± 1.0 33.3 ± 5.5 26.3 ± 4.6 38.0 ± 4.5 *0.0382

Data are expressed as mean ± SEM, n = 9 animals (measurements done in 
triplicates for each animal); EC50 given in µM. Statistical significance (*P = 
0.0382) refers to the comparison of “control” measured in autumn months vs. 
“control” measured in spring months. The differences for samples measured 
in spring were not statistically significant: control vs. G2.5, P = 0.6707; 
control vs. G2.5 (pre-incubated), P = 0.9058 and G2.5 vs. G2.5 (pre-incu- 
bated), P = 0.1556. For further details see Section 2. 

 

Figure 2. The effect of seasonality on the calcium-mediated 
rat liver mitochondrial depolarization. Data presented as 
mean ± 95% confidence intervals. Statistical significance 
the between tested samples (using two-way ANOVA) was P 
= 0.0382 (STATISTICA ver. 10, StatSoft). For further 
experimental and statistical details see Section 2. 

3.2. Transmembrane Potential Evaluation 

Rat liver mitochondrial potential was measured spectro- 
fluorimetrically using JC-1. JC-1 was applied at the con- 
centration of 1 µM. CCCP (5 µM) was used as uncou- 
pler (positive control, data not shown). The interpretation 
of the mitochondrial potential was based on the changes 
in the ratio between the fluorescence of JC-1 monomers 
and JC-1 aggregates, depending on the changes in mito- 
chondrial potential.  

3.2.1. Effect of PAMAM Dendrimer G2.5 on  
Mitochondrial Potential—Evaluation of the 
Neutral Concentration of the Dendrimer— 
The Autumn Measurements 

The “neutral” concentration of PAMAM G2.5 was cho- 
sen based on the changes in mitochondrial potential 
measured during the autumn period. As shown in Figure 
3, none of the tested G2.5 concentrations (0, 1, 2.5, 5, 10, 
20 and 50 µM without preincubation) was shown to sig- 
nificantly affect the mitochondrial potential.  

Based on these and other observations (non included 
in this paper) the concentration of 5 µM was selected to 
be used in further investigations, as completely non- 
toxic. The significant reduction in mitochondrial poten- 
tial was observed only for the mitochondria treated with 
5 µM CCCP (data not shown). 

3.2.2. Effect of PAMAM G2.5 and Ca2+ Ions on  
Mitochondrial Potential—The Spring  
Measurements 

The results obtained in this part of the study revealed that 
the mitochondria studied during the spring period are not 
sensitive to the tested compounds. Some different ap- 
proaches were employed: 1) calcium ions used at EC50 
(18.5 µM) or EC100 (37 µM); 2) dendrimer G2.5 used at 
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Figure 3. The impact of PAMAM dendrimer G2.5 on rat 
liver mitochondrial potential, measured with the use of the 
fluorescence probe, JC-1 (autumn measurements). Data are 
expressed as mean ± 95% confidence intervals, n = 6 
animals (for each animal 3 mitochondrial preparations 
were tested). No statistically significant differences were 
observed between the tested concentrations of the den- 
drimer. For further experimental and statistical details see 
Section 2. 
 
5 µM (mitochondria not pre-incubated and pre-incubated 
for 10 min with the dendrimer); and 3) the combinations 
of G2.5 and calcium ions used at both the concentrations. 
As shown in Table 2, calcium used at EC50 and EC100 did 
not cause any changes in the mitochondrial potential. 

No alterations were also observed for dendrimers and 
the combinations of dendrimer + Ca2+ with the respect to 
control samples (mitochondria alone). It means that all 
the tested variants of both the agents had no impact on 
mitochondrial potential. However, the statistically sig- 
nificant differences were revealed between: 1) the higher 
(37 µM) and the lower (18.5 µM) calcium concentration 
(P < 0.05), as well as between 2) the combination of “5 
µM G2.5 + 37 µM Ca2+”, and “5 µM G2.5” (P < 0.05). 
These data suggest that there was a tendency to reduce 
the mitochondrial potential by the higher Ca2+ concentra-
tions, although we did not observe the statistically sig-
nificant depolarization of mitochondria exposed to 37 
µM Ca2+ (non-significant versus control mitochondria). 

Interestingly, it was noticed that there was a significant 
difference in the responses to G2.5 (5 µM) exposure be- 
tween the “autumn” mitochondria and the “spring” mi- 
tochondria. As shown in Figure 4, the “autumn” mito- 
chondria appeared more sensitive (the higher ratio of 
JC-1 means the reduction in the mitochondrial potential) 
to G2.5 activity in comparison with the “spring” mito- 
chondria (P = 0.0094). Nevertheless, the changes in the 
potential between the control “autumn” mitochondria and  
the control “spring” mitochondria were not revealed (P = 
0.0681). 

Table 2. The effect of PAMAM G2.5 and Ca2+ ions on rat 
liver mitochondrial potential—the spring evaluation. 

Sample JC-1 ratio P value 

Control 0.036 ± 0.003  

18 µM Ca2+ 0.025 ± 0.002 ns vs. control 

37 µM Ca2+ 0.046 ± 0.006 
ns vs. control 

0.011 vs. 18 µM 
Ca2+ 

5 µM G2.5 0.027 ± 0.002 ns vs. control 

5 µM G2.5 
(10 min pre-incubated with 

mitochondria) 

 
0.029 ± 0.002 

ns vs. control 

5 µM G2.5 + 18 µM Ca2+ 0.028 ± 0.002 ns vs. control 

5 µM G2.5 (pre-incubated) 
+ 18 µM Ca2+ 

0.032 ± 0.002 ns vs. control 

5 µM G2.5 + 37 µM Ca2+ 0.060 ± 0.013 
ns vs. control 

0.027 vs. 5 µM 
G2.5 

Data (JC-1 ratio of monomers to aggregates) are presented as mean ± SEM, 
n = 6 animals (the measurements were done in triplicates for each animal); 
ns-non statistically significant. For further experimental and statistical de-
tails see Section 2. 
 

mean +/_ 95% confidence intervals

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

JC
-1

 ra
tio

 autumn
 control G2.5  spring

Figure 4. The effect of seasonality (autumn and spring) on 
PAMAM dendrimer G2.5 (5 µM) activity. Data (JC-1 ratio 
of monomers to aggregates) are presented as mean ± 95% 
confidence intervals, n = 6 animals (measurements were 
done in triplicates for each animal). The statistical signi- 
ficance (two-way ANOVA, StatSoft, ver. 10) was evidenced 
only between the treatment with PAMAM G2.5 during au- 
tumn and spring (P < 0.005). For further experimental and 
statistical details see Section 2. 
 

Moreover, it was evidenced that the time plays an im- 
portant role in the mitochondrial potential studies. All  
tested variants of samples measured after 30 min incuba- 
tion (room temperature in dark) showed depolarization of 
mitochondrial membrane at the level of statistically sig- 
nificant, i.e. the JC-1 ratio for control mitochondria in “0 
time” and control mitochondria after “30 min incubation” 
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increased from 0.036 ± 0.003 to 0.094 ± 0.006 (mean ± 
SEM), P < 0.0005 (the complete data not shown). These 
results suggest that mitochondria are aging rapidly and it 
is important to take into account the “passage of time” as 
a meaningful factor, when measuring mitochondrial po- 
tential. 

3.2.3. Mitochondrial Membrane Fluidity  
Evaluation—The Spring Measurements 

Rat liver membrane fluidity was evaluated based on the 
anisotropy fluorescence of DPH. The tested compounds 
were studied according to the design presented in Table 
3. The obtained results revealed that none of the applied 
compounds (or their combinations) had an impact on 
membrane fluidity. Nevertheless, the power of the per- 
formed comparisons was relatively low (below 70% or 
lower). Therefore, we have to consider the results of 
these experiments with a caution. The presented data 
notwithstanding, are intriguing and certainly deserve to 
be further explored in the future. Similar phenomena 
were evidenced for the same samples measured after 30 
min of incubation at room temperature: membrane fluid- 
ity remained unchanged upon the treatment, and the 
power of test was below 40%. 

4. Discussion 

In the present study, the hypothesis that PAMAM den- 
drimer G2.5 protects mitochondria against the overload 
with calcium ions was tested. It is widely considered that 
the activity of Ca2+ ions towards mitochondria is ambi- 
guous. On one hand, there are known advantageous  
effects of calcium, i.e. stimulation of ATP production, 

 
Table 3. The effect of PAMAM G2.5 and Ca2+ ions on rat 
liver mitochondrial fluidity—the spring evaluation. 

Sample 
DPH anisotropy 

(a.u.) 
P 

value 
Power of 
test [%] 

control 0.384 ± 0.004 - - 

18 µM Ca2+ 0.395 ± 0.002 ns 66 

37 µM Ca2+ 0.393 ± 0.003 ns 10 

5 µM G2.5 0.382 ± 0.004 ns 60 

5 µM G2.5 
(10 min pre-incubated 

with mitochondria) 
0.391 ± 0.005 ns 14 

5 µM G2.5 + 18 µM Ca2+ 0.389 ± 0.006 ns 12 

5 µM G2.5 (pre- 
incubated) + 18 µM Ca2+ 

0.383 ± 0.005 ns 5 

5 µM G2.5 + 37 µM Ca2+ 0.381 ± 0.005 ns 60 

Data (DPH fluorescence anisotropy) are presented as mean ± SEM, n = 6 
animals (measurements were done in triplicates for each animal); ns-dif- 
ference non statistically significant. Statistical analysis and power of test 
were calculated using STATISTICA ver. 9 (StatSoft). Power of test was 
measured for the comparisons in relation to control. For further experimen-
tal and statistical details see Section 2. 

coordination of cell metabolism or activation of mito-
chondrial enzymes. On the other hand, in contrast to this 
beneficial activity, the pathological effect of calcium on 
mitochondria function has been well evidenced [9]. It 
cannot be ignored that Ca2+, particularly at high concen- 
trations, appears to have several negative impacts on mi- 
tochondria, i.e. induction of mPT pores, stimulation of 
mitochondrial uncoupling, activation of apoptosis via 
mitochondria or interruption of cellular signaling. There- 
fore, it has become important to find compounds/agents, 
which would work as efficient modulators of the exces- 
sive calcium in the various cellular compartments, in- 
cluding mitochondria.  

For a few years our attention has been focused on ani- 
onic PAMAM dendrimers. It has been well demonstrated 
that PAMAM dendrimers are successfully used for many 
in vitro and in vivo biomedical applications [10]. On the 
other side, PAMAM dendrimers were tested for their ef- 
fects on cellular cytotoxicity, lysosomal pH, and mito- 
chondria dependent apoptosis. Some results suggest that 
full generations of PAMAM dendrimers are endocytosed 
into the cells through a lysosomal pathway, leading to 
lysosomal alkalinization and induction of mitochondria- 
mediated apoptosis [11]. Other experimental data also 
prove the detrimental modulatory effects of cationic 
dendrimres (especially G4 and higher) on mitochondria 
function [12-14]. Nevertheless, there are only few litera-
ture data concerning the negative influence of half-gen-
erations of PAMAMs on mitochondria. Our previous 
study [2] suggested that, on one hand, PAMAM G3.5 
used above 10 µM affected the selected rat liver mito- 
chondrial parameters (i.e. caused membrane depolariza- 
tion), but on the other effectively hindered the influx of 
Ca2+ to mitochondria. Thus, PAMAM dendrimer G3.5 
did not have the desired biological activity, however, our 
other findings, based upon still unpublished data, suggest 
that smaller generations and/or smaller concentrations of 
these molecules should be more effective in the protec-
tion of mitochondria against the overload with calcium 
ions.  

Our present data show that PAMAM G2.5, used in a 
concentration of 5 µM, does not affect the rat liver mito- 
chondrial parameters, such as membrane potential, mem- 
brane fluidity and calcium transport across the membrane. 
On the other hand, the protective role of this dendrimer 
(towards mitochondria) was not observed as it was ex- 
pected at the stage of the formulation of research hy- 
pothesis. Maybe, the used concentration of dendrimer 
was too low, but some data (not shown here) revealed 
that the concentration of G2.5 above 7.5 µM significantly 
caused the disturbations in mitochondrial bioenergetics 
(measurements done using the high-fidelity Oroboros-2k 
oxygraph). Therefore, it was safer to use lower G2.5 con-
centration when testing its activity. The main assumption  
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of this study was based on the proven chelating properties 
of half-generations PAMAM dendrimers [3-5]. We be-
lieved that G2.5 is able to successfully bind excess of 
Ca2+ ions and thus limits their input to mitochondria. 
However, it was important to meet two experimental 
conditions in order to confirm these assumptions. The 
first one concerned the choice of the neutral concentra-
tion of G2.5 towards mitochondrial function and the 
second one concerned the ability of binding calcium ions 
by this dendrimer. Neutral concentration of G2.5 was 
assessed experimentally in our laboratory, but we did not 
check its chelating activity towards Ca2+. Based only on 
the literature data, we hoped that even low generations of 
PAMAMs can effectively bind metal ions, such as: Ag+, 
Cu2+, Zn2+, Fe2+, and Fe3+ [5,15]. Nevertheless, so far, the 
investigation of binding Ca2+ by PAMAM dendrimers 
was not proven using appropriate experimental tech- 
niques (i.e. mass spectrometry). Based on the above in-
formation, we need to emphasize that this study has been 
designed simple examination of the relationship of the 
“concentration-effect”, rather than the proving of Ca2+- 
chelating properties of G2.5. 

Interestingly, we have noticed, although not for the 
first time [16,17], that the response of mitochondria to 
the treatment with various compounds depends on the 
seasonality. The results presented in this paper also indi-
cate that there is a statistically significant difference be-
tween the activities of the mitochondria isolated from 
rats investigated in autumn (October-November) and the 
mitochondria isolated from animals studied in spring 
(May-June). Based on the activity of mitochondrial pa-
rameters, such as mitochondrial potential and Ca2+ 
movement across the mitochondrial transmembranes, it 
appears that “autumn” mitochondria are more sensitive in 
comparison with “spring” mitochondria. The mitochon-
drial potential decrease (the higher depolarization) and 
the resistance to the input of calcium ions overload were 
observed. Not many laboratories, which conduct the 
studies with using rats as their animal model, distin-
guished the impact of seasonal variations on the changes 
observed in the cell or tissue at the molecular level. So 
far, some reports relate to the changes in the breeding 
activity and animal metabolism [18], others refer to the 
differences in immune system in birds [19], food-catch- 
ing activity [20] or reproduction behavior [21]. Never- 
theless, the recent study of Konior et al., demonstrated 
that guinea-pig and rat hearts generate more super oxide 
anion, and human subjects excrete more 8-isoprostane in 
the summer compared to other seasons [22]. In contrary 
to our observations, the conclusions mentioned above 
indicate that the increase of oxidative stress was charac- 
teristic for animals studied in summer in comparison to 
changes observed for animals tested in winter months. 
On the other hand, it was evidenced in young rats that 

their arteries were protected from thrombogenesis and 
lipid accumulation during summer months vs. winter 
period [23]. The study of Mock and Frankel showed that 
older rats (5 - 6 months old) might be more sensitive to 
seasonal influences than younger rats (4 months old). 
Their results indicate that male laboratory rats exhibited 
seasonality in several reproductive parameters, even 
though the animals were maintained under constant 
laboratory conditions [24]. There are a lot of similar ex-
amples of studies demonstrating the role of seasonality, 
which makes us to believe that the influence of the sea-
sons should always be considered when designing of the 
study. Otherwise, the consequences of carrying out the 
studies during the whole year without blocking of the 
obtained data according to the employed laboratory con-
ditions can deliver misleading outcomes. Unfortunately, 
at this stage of our research, we are not able to explain at 
biochemical level (i.e. the monitoring of liver glycogen 
content) why mitochondria differ physiologically, when 
studied in different seasons. Until now there is a lack of 
information concerning seasonal influence on the labo-
ratory animals, and thus, more studies are needed to an-
swer questions raised also in this paper.  

Despite the strong evidence linking the calcium ions 
and mitochondria damage, the precise concentration of 
Ca2+ needed to cause mitochondrial changes remains 
unknown. It seems likely to be dependent on the source 
of mitochondria, cellular metabolism and other cellular 
conditions. Some data showed that Ca2+ used at 10 µM 
caused irreversible and very fast membrane depolariza-
tion of rat liver mitochondria [25]. Also the study of 
Vergun and Reynolds revealed that depolarization of rat 
liver mitochondria required the use of calcium at 20 µM 
after ca. 10 min incubation with mitochondria [26]. The 
same concentration of Ca2+ ions was used to reduce the 
effectiveness of oxidative phosphorylation in rat liver 
mitochondria [27]. Taking into account these data it 
seems that our result—18.5 µM (EC50 for Ca2+, assessed 
during autumn) is in agreement with other literature 
findings. Surprisingly however, we were not able to ob- 
tain the similar results for the same experiment carried 
out a few months later (spring period). The EC50 for cal- 
cium ions was 33.3 µM, which indicated that the tested 
mitochondria were much less sensitive to detrimental 
effects of calcium ions. Probably, the main reason of this 
differentiation in the received data lies in the distinct 
seasons (autumn/spring), during which these measure- 
ments were done. Consequently, when conducting of the 
experiments in spring, and using the values of Ca2+ and 
G2.5 evaluated in autumn, we might have received the 
data, which could not properly verify the hypothesis. It 
was very hard to check the protective activity of G2.5 
towards mitochondria, which were treated by calcium 
ions used at the concentration much lower than that 
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needed to observe the desired changes. Therefore, in fact, 
we could only test the impact of PAMAM dendrimer on 
mitochondrial parameters. Nevertheless, without repeat-
ing of the study related to the finding of both non-cyto- 
toxic and cytotoxic concentrations of PAMAM G2.5 also 
for the spring season, it was hard or even impossible to 
observe any effect of dendrimer tested at 5 µM on mito-
chondria, regardless of 10 min pre-incubation of G2.5 
with mitochondria before the measurements. In support 
of this notion, no impact of G2.5 was observed on cal-
cium transport, mitochondrial potential and membrane 
fluidity, thus suggesting that the used G2.5 concentration 
probably was too low for spring mitochondria under the 
tested conditions. Additionally, the experiment with JC-1 
using PAMAM G2.5 in the range of concentrations: 1 - 
50 µM and rat liver mitochondria carried out in summer 
(August) showed that none of the tested concentrations 
had the impact of mitochondrial potential (data not 
shown).  

In addition to assessing of the main mitochondrial pa-
rameters, the effect of mitochondrial “aging”, based on 
the results obtained from membrane potential evaluations, 
has been studied. It was proven that the same mitochon- 
drial samples revealed statistically significant membrane 
depolarization measured after 30 min post-incubation (in 
dark and room temperature). It was clearly evidenced 
that the passage of time plays an important role during 
mitochondrial measurements. Nevertheless, it is not a 
new discovery and mitochondrial functional impairment 
with aging was evidenced earlier [28,29]. 

Summarizing, the present data revealed that PAMAM 
dendrimer G2.5, used at the concentration of 5 µM (with 
and without pre-incuabtion), had no impact on rat liver 
mitochondrial functions. On the other hand, however, it 
was proven that it might be too low concentration in or- 
der to use it as a regulator of calcium ions in the mito- 
chondrial therapy. These results indicate that in the future 
the dendrimer G2.5 could be used successfully in further 
mitochondrial examinations not only in a combination 
with calcium ions. Nevertheless, all experiments should 
be finished during the short interval of time in order to 
limit the influence of seasonal changes on the acquired 
data. 

5. Conclusion 

The primary objective of this study was the using of 
PAMAM G2.5 as a regulator of detrimental effect of 
calcium ions on the main mitochondrial functions. The 
goal was to find the destructive concentration of calcium 
ions and the neutral concentration of G2.5 achieved with 
the use of liver mitochondria isolated from Wistar rats in 
different seasonal periods (autumn and spring). Based on 
the obtained results it is worth of noting that seasonal 
fluctuations have an important effect on measured mito- 

chondrial parameters. Furthermore, the unsuitable experi- 
mental design and their inappropriate statistical analysis 
(e.g. not including block designed ANOVA) often leads 
to the misleading conclusions. Therefore, to determine 
the targeting experimental tools and therapeutic agents to 
mitochondria with using animals in different age or de-
rived in different seasons requires to demonstrate the 
great care and knowledge about the entire research model. 
With greater understanding of physiological differences 
between tested samples/animals and advances in bioma-
terial design, there is an opportunity to develop systems 
that respond to physiological stimuli, seasonal fluctua-
tions as well as the potential to use compounds/ chemi-
cals as promising drug(s). Use of safe and effective 
multi-functional nano-platforms promises to alleviate 
many of the mitochondrial disturbances what may be 
benefit for treatment of diseases involving mitochondrial 
disorders in the future.  
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