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Abstract. Seasonal variations in temperature may influence the physiological and pathological 
metabolic pathways, concentrations of antioxidants, degree of oxidative stress and mitochondrial 
function. The aim of this study was to evaluate platelet mitochondrial function in human subjects 
during seasonal variations in temperature. Two groups of healthy young subjects were enroled in 
the study. Winter group, mean outside temperature was 4.77°C and Spring group, mean outside 
temperature was 24.32°C. High-resolution respirometry method was used for determination of mi-
tochondrial respiration and oxidative phosphorylation in platelets. Concentrations of coenzyme Q10 
(CoQ10) and tocopherols were determined in platelets, blood and plasma. Our data showed slightly 
(not significantly) reduced respiration in intact platelets, basal and ADP-stimulated mitochondrial 
respiration at Complex I, as well as CoQ10-TOTAL and α-tocopherol concentrations in winter. The 
concentration of γ-tocopherol was higher in winter. Platelet mitochondrial ATP production de-
pended on platelet CoQ10-TOTAL concentration in winter, not in spring. We conclude that seasonal 
temperature participates in the mechanism of platelet mitochondrial respiratory chain function 
and oxidative phosphorylation that depends on their CoQ10-TOTAL concentration at lower winter 
outside temperature. CoQ10 supplementation may improve platelets mitochondrial ATP production 
at winter season. High-resolution respirometry offers sensitive method for detection of changes of 
platelets mitochondrial respiratory function.
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Introduction

Seasons, their duration and variations in temperature, 
duration of exposure to sun light, humidity and rainfall, 
may influence the physiological and pathological metabolic 
pathways (Schwartz and Andrews 2013).

Seasonal variations were found in antioxidant defence 
system and oxidative stress in mammals. Increased lipop-

eroxidation in heart of patients, rats and guinea pigs during 
summer compared to winter was observed (Mujkosová et 
al. 2008; Konior et al. 2011). Increased oxidative stress and 
low levels of antioxidant enzymes were found in rat eryth-
rocytes during high temperature in summer in comparison 
with winter season (Bernabucci et al. 2002; Bhat et al. 2008). 
Conversely, increased oxidative stress was recorded in tis-
sues of crocodile during winter in comparison to summer 
(Fuldato-Filho et al. 2007). Seasonal variations in antioxidant 
system and oxidative stress were documented in birds from 
Seychelles, when the availability of food was too low (Van de 
Cromennacker et al. 2011). Several studies showed an effect 
of seasonal variations on metabolic activities and mitochon-
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drial function in mammals (Heim et al. 2017; Ballinger and 
Andrews 2018).

Mitochondria are subcellular organelles present almost 
in all cells. During excessive ROS production mitochondrial 
function is impaired in various organs and participates in the 
development and progression of many diseases. 

Platelets (PLT) are short-lived (7–10 days) circulating 
anucleate fragments with size 1.5–3 µm generated from 
megakaryocytes in the bone marrow. They contain endo-
plasmic reticulum, Golgi apparatus and small amount of 
mitochondria (Garcia-Souza and Oliveira 2014; Ravera et al. 
2018), important for energy production and for regulation 
of intracellular signaling through reactive oxygen species 
(ROS). Platelets are cells with high energy consumption. 
In resting state of PLT approximately 60% of adenosine 
triphosphate (ATP) is derived from glycolysis and 30–40% 
ATP from oxidative phosphorylation (OXPHOS) (Clemet-
son 2012; Kramer et al. 2014). 

Platelets play an integral role in intracellular commu-
nication, they have the capacity to interact with almost all 
immune cells. Their main function in the blood stream is 
rapid binding to damaged blood vessels. Under pathological 
conditions, they are involved in processes of various dis-
eases. However, limited studies are about PLT mitochondrial 
function in pathological states (Wang et al. 2017) and the 
effect of the seasonal temperature on platelet mitochondrial 
function. 

Platelets are an easily obtainable source of viable mi-
tochondria (Sjovall et al. 2010, 2013). High-resolution 
respirometry method offers sensitive diagnostic tests of 
mitochondrial respiratory chain function and OXPHOS in 
PLT mitochondria (Gnaiger et al. 2000; Pesta and Gnaiger 

2012; Doerrier et al. 2016; Yun et al. 2016; Sumbalová et al. 
2018), as well as in peripheral blood mononuclear cells in 
humans (Pecina et al. 2014; Hsiao and Hoppel 2018).

In this study we tested the hypothesis that platelets mito-
chondrial function, oxygen consumption, ATP production, 
CoQ10 concentration and oxidative stress could be affected 
by seasonal temperature in humans.

Material and Methods

Participants and seasonal temperature

The study was carried out according to the principles ex-
pressed in the Declaration of Helsinki and the study protocol 
was approved by the Ethical Committee of the Academic 
Ladislav Dérer´s Hospital, Bratislava, Slovakia (2018). Writ-
ten informed consent from each subject was obtained prior 
to inclusion. 

Two groups of healthy young subjects were enroled in 
the study: Winter group: From February to March 2018, 
mean of outside temperature was 4.77°C. Winter group 
represented 13 healthy young volunteers, men (n = 3) and 
women (n = 10), mean age was 23 years. Spring group: From 
April to May 2018, mean outside temperature was 24.32°C. 
Healthy young 19 volunteers, men (n = 9), women (n = 10) 
were included in the study, mean age was 22 years. Figure 1 
shows daily outside temperature during winter and spring 
2018 in Bratislava, Slovakia (www.shmu.sk).

Methods

Metabolic parameters

Body height, weight, body mass index (BMI) and metabolic 
blood parameters were measured: hemoglobin, leukocytes 
and platelets count, CRP, triacylglycerol, LDL-cholesterol, 
HDL-cholesterol, total cholesterol, liver enzymes: AST, ALT, 
GMT, as well as glucose concentration. Determined kidney 
parameters include: creatinine, uric acid and glomerular fil-
tration (in biochemical laboratory, using standard methods).

Antioxidants and oxidative stress

Antioxidants (coenzyme Q10-TOTAL = ubiquinol+ubiquinone; 
α-tocopherol, γ-tocopherol) in whole blood, plasma and 
isolated platelets were determined using HPLC method 
with UV detection (Lang et al. 1986) modified by authors 
(Kucharská et al. 1998). Total CoQ10 concentrations were 
determined after oxidation with 1,4-benzoquinone (Mosca 
et al. 2002). A parameter of oxidative stress – thiobarbituric 
acid reactive substances (TBARS) was estimated by specto-
photometric method (Janero and Bughardt 1989). 

Figure 1. Daily outside temperature recorded during the period of 
blood sampling: February to March 2018 (winter), April to May 
2018 (spring). For the graph, publically available data from Slovak 
Hydrometeorological Institute (www.shmu.sk) were applied.

http://www.shmu.sk
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Platelets preparation

For platelets (PLT) isolation 18 ml of venous blood was col-
lected to K3EDTA (tripotassium ethylenediaminetetraacetic 
acid) tubes each day between 7:00 – 8:00 a.m. at 25°C room 
temperature. Fresh blood was centrifuged at room temperature 
at 200 × g for 10 min using swing-out rotor without breaking. 
Platelets rich plasma (PRP) was transfered into a new plastic 
tube and mixed with 100 mM EGTA (ethylene glycol-bis(2-
aminoethylether)-N,N,Nʹ,Nʹ-tetraacetic acid) to final concetra-
tion 10 mmol/l. Next centrifugation in swing-out rotor without 
breaking at 1200 × g for 10 min resulted in a sediment containing 
PLT, which was washed with 4 ml of Dulbecco’s Phosphate Buff-
ered Saline (DPBS, Sigma-Aldrich, D8537), DPBS+10 mmol/l 
EGTA. After centrifugation at 1200 × g for 5 min, the sediment 
was resuspended in 0.4 ml of DPBS+10 mmol/l EGTA and used 
for the respirometric measurements (Sumbalová et al. 2016). 
10 μl of PLT suspension was 10× diluted with DPBS+10 mmol/l 
EGTA and used for cell counting on hematological analyzer 
Mindray BC-2800 (Mindray, China). 100–200 μl of PLT suspen-
sion was used for determination of antioxidants, and 20 μl of 
PLT suspension was used for determination of mitochondrial 
marker – the activity of citrate synthase.

Citrate synthase activity

The activity of mitochondrial enzyme citrate synthase was 
determined by spectrophotometric method (Srere 1969; 
Eigentler et al. 2015). 

High-resolution respirometry analysis

Platelets mitochondrial respiration and oxidative  
phosphorylation 

For mitochondrial respirometric analysis, 200×106 PLT was 
used in 2 ml chamber of O2k-Respirometer (Oroboros In-
struments, Austria) (Gnaiger et al. 2000; Pesta and Gnaiger 
2012; Lemieux et al. 2017). The respiration was measured at 
37°C in mitochondrial respiration medium MiR05+20 mM 
creatine using SUIT (Substrate-Uncoupler-Inhibitor-Titra-
tion) protocol RP1 (Doerrier et al. 2016; Figure 2). 

SUIT protocol 

SUIT protocol for determination of respiration and OX-
PHOS in mitochondria of human PLT includes several steps 
(see Figure 2):
1. Intact PLT: Oxygen consumption rate in intact PLT 

(ROUTINE respiration) was measured.
2. Dig – PLT: After addition of digitonin into the chamber 

(Dig – final concentration of 0.20 µg·10–6 cells), respi-
ration rate of mitochondria in permeabilized PLT was 
measured.

3. LEAK respiration at CI = (P+M) (State  4 at CI): The 
oxidation of exogenous substrates for Complex I (CI) (P, 
5 mM pyruvate; M, 2 mM malate) reflects LEAK rate of 
mitochondrial respiration compensating for proton leak, 
proton slip, cation cycling, and electron leak.

Figure 2. High-resolution respirometry of OXPHOS in platelets mitochondria. The effect of seasonal temperature on platelets mitochondrial 
respiration and OXPHOS of young subjects. Trace from the measurement of PLT respiration at 37°C in respiration medium MiR05+20 
mM Cr following SUIT protocol RP1. Blue line represents oxygen concentration, the red trace represents oxygen consumption as flow 
per cells (see online version for color figure). All steps and parameters are described in the section SUIT protocol.
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4. OXPHOS at CI = (P+M+ADP) (State  3 at CI): ADP 
was added in saturating concentration (1.0 mM). ADP-
stimulated respiration ~ oxidation of substrates chemi-
osmotically coupled to the phosphorylation of ADP to 
ATP; At saturating ADP represents maximum capacity 
of OXPHOS with given substrates at CI. 

5. Cyt c: Addition of 10 µM cytochrome c is a test for the 
integrity of the outer mitochondrial membrane.

6. CCCP at CI: uncoupling of OXPHOS (P+M): After CCCP 
titration, maximal oxidative capacity at Complex I was 
measured. 

7. Noncoupled respiration at CI = (P+M+G): Addition of 
exogenous substrate  G  (10 mM glutamate) supported 
further Complex I-linked respiration.

8. Noncoupled respiration at CI + CII = (P+M+G+S): Ad-
dition of exogenous substrate S (10 mM succinate) for 
Complex  II (CII) allowed determination of electron 
transfer capacity (ET-capacity) of convergent electron 
flow from Complex I and Complex II to coenzyme Q.

9. Noncoupled respiration at CII (rotenone – an inhibitor of 
CI) (ET-capacity at CII): Addition of rotenone (0.5 µM) 
inhibited Complex I, and Complex II-linked respiration 
rate was measured. 

10. Gp + CII = (ET-capacity): Noncoupled respiration after 
addition of 10 mM glycerophosphate (CII + Gp) was 

used to test the additional effect of glycerophosphate 
dehydrogenase activity on ET-capacity.

11. Antimycin A = (inhibitor CIII – Complex III): Addition 
of 2.5 µM antimycin A blocked platelet mitochondrial 
respiration and allowed determination of residual oxy-
gen consumption rate (ROX). 

Statistics

Unpaired Student´s t-test was applied to evaluate the effect 
of age on determined parameters. Pearson’s correlation 
analyses were performed on GraphPad Prism 6. The level 
of statistical significance was set at p < 0.05. The results in 
figures and tables are expressed as mean ± SEM. 

Results

Metabolic characteristics of young subjects during winter 
and spring seasons 2018

During winter season, glucose concentration and the 
concentration of uric acid were significantly lower in com-
parison with spring season (glucose 4.52 ± 0.13 vs. 5.08 ± 
0.07 mmol/l, p < 0.001; uric acid 254.77 ± 10.48 vs. 297.27 

Table 1. Outside temperature, physical and metabolic characteristics of young participants involved in 
the study in winter and spring seasons 2018 

Parameter Winter Spring Reference values
Outside temperature (°C) 4.77 24.32*** –
n (number of participants) 16 23 –
Gender (M/F) 4/12 8/15 –
Age (years) 23 ± 0.7 22  ±  0.3 –
Height (cm) 168 ± 2.34 174 ± 2.14 –
Body weight (kg) 61.3 ± 1.89 67.1 ± 2.45 –
BMI (kg/m2) 22 ± 0.3 22 ± 0.5 –
Hemoglobin (g/l) 138 ± 3.43 139 ± 3.25 (130 – 180)
Leucocytes (cells × 109/l) 5.97 ± 0.41 6.95 ± 0.27 (3.8 – 10.6)
Platelets (cells × 109/l) 246 ± 20 269 ± 10 (150 – 400)
CRP (mg/l)  negative  negative (0 – 5)
Triacylglycerols (mmol/l) 0.93 ± 0.11 0.89 ± 0.08 (0.10 – 1.70)
LDL-Cholesterol (mmol/l) 2.68 ± 0.13 2.60 ± 0.14 (0.26 – 2.60)
HDL-Cholesterol (mmol/l) 1.61 ± 0.11 1.47 ± 0.07 (0.90 – 1.45)
Cholesterol (mmol/l) 4.61 ± 0.18 4.21 ± 0.29 (2.90 – 5.00)
AST (μkat/l) 0.34 ± 0.02 0.36 ± 0.02 (0.00 – 0.85) 
ALT (μkat/l) 0.514 ± 0.01 0.900 ± 0.10 (0.5 – 2.0)
GMT (μkat/l)  0.23 ± 0.02 0.300 ± 0.02 (0.00 – 0.92)
Glucose (mmol/l) 4.52 ± 0.13 5.08 ± 0.007** (4.1 – 5.9)
Creatinine (μmol/l) 70.2 ± 2.82 74.5 ± 2.55 (64 – 104)
Uric acid (μmol/l) 254.8 ± 10.5 297.3 ± 14.9* (208 – 428) 
eGFR (ml/s/1.73m2 ) 1.84 ± 0.05 1.84 ± 0.04 (1.5 – 5.0) 

BMI, body mass index; CRP, C-reactive protein; AST, aspartate aminotransferase; ALT, alanine ami-
notransferase; GMT, gamma glutamyl transferase; eGFR, estimated glomerular filtration rate. Statistically 
significant differences are marked with asterisks: * p < 0.05, ** p < 0.001, *** p < 0.0001 vs. winter season.
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± 14.95 µmol/l, p < 0.05), the levels were in reference values. 
Other metabolite parameters were not significantly affected 
by seasons (Table 1).

Antioxidants and oxidative stress

Winter outside temperature was associated with lower co-
enzyme Q10-TOTAL level in PLT in comparison with spring 
temperature by 29.24%, in whole blood by 10.10% and in 
plasma by 3.60%. Platelets α-tocopherol concentration was 
lower in winter by 31.28%, not significantly. The concentra-
tion of this antioxidant was not affected by season tempera-
ture in whole blood or plasma. During winter temperature 
γ-tocopherol concentration was increased in PLT by 22.25%, 
in whole blood by 29.83% (p < 0.05) and in plasma by 24.03% 
(p  < 0.05). The parameter of oxidative stress TBARS was 
slightly higher (+9.38%) during winter in comparison with 
spring (Table 2). 

Mitochondrial respiration and OXPHOS in permeabilized 
platelets 

All parameters of platelets oxygen consumption evaluated 
in pmol·s–1·10–6 cells were slightly, not significantly lower 
during winter outside temperature. Oxygen consumption 
of intact PLT was decreased by 8.8%, mitochondrial LEAK 
respiration in permeabilized PLT with CI-linked substrates 
(P+M) and OXPHOS at CI (P+M) were decreased by 25.2% 
and 16.2%, respectively, and noncoupled respiration at 
CI was decreased by 12.5% during winter. Noncoupled 
respiration after glutamate addition and noncoupled 
mitochondrial respiration at CI+CII were similar in both 

groups. The electron transport capacity at CII measured 
after CI inhibition with rotenone and oxygen consump-
tion after glycerophosphate addition were slightly lower 
in winter (–11.3% and –11.2%, respectively; Figure 3). 
The activity of citrate synthase in PLT was similar in both 

Table 2. Concentration of CoQ10-TOTAL, α-tocopherol, γ-tocopherol in platelets, whole blood and plasma 
of healthy young volunteers during winter and spring outside temperature

Parameter Winter Spring Reference values
CoQ10-TOTAL

Platelets (pmol ·10–9 cells) 128.8 ± 14.3 167.1 ± 17.2 –
Whole blood (μmol/l) 0.208 ± 0.012 0.229 ± 0.014 –
Plasma (μmol/l) 0.335 ± 0.025 0.347 ± 0.021 (0.4 – 1.0)

α-Tocopherol
Platelets (pmol·10–9 cells) 2429 ± 268 3189 ± 300 –
Whole blood (μmol/l) 15.1 ± 0.565 15.0 ± 0.740 –
Plasma (μmol/L) 21.5 ± 0.899 20.8 ± 1.0 (15 – 40)

γ-Tocopherol
Platelets (pmol·10–9 cells) 279.6 ± 42.3 217.4 ± 24.0 –
Whole blood (μmol/l) 1.14 ± 0.116 0.800 ± 0.100* –
Plasma (μmol/l) 1.64 ± 0.187 1.17 ± 0.091* (2 – 7)

TBARS
Plasma (μmol/l) 5.12 ± 0.435 4.64 ± 0.094 (< 4.5)

Statistically significant differences are marked with asterisks: * p < 0.05 vs. winter season.

Figure 3. The effect of seasonal temperature on platelets mitochon-
drial respiration and OXPHOS of young subjects. Parameters of 
PLT respiration evaluated in pmol·s–1·10–6 cells are expressed as 
mean ± SEM of measurements performed on PLT preparations 
from winter and spring groups of healthy young volunteers. All 
parameters are described in the section SUIT protocol.
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groups (0.331 ± 0.012 nmol·min–1·10–6 cells in winter 
and 0.330 ± 0.016 nmol·min–1·10–6 cells in spring). Nor-
malization of respiration for this mitochondrial marker 
supported the conclusion about no significant difference 
in PLT respiration between winter and spring group (data 
are not shown). 

The correlation between platelets mitochondrial function 
and concentration of CoQ10-TOTAL 

The correlation between LEAK respiration at CI in PLT 
mitochondria and PLT CoQ10-TOTAL concentration was not 
significant in winter (Figure 4A), but LEAK respiration at 

CI in winter significantly correlated (p = 0.001) with plasma 
CoQ10-TOTAL concentration (Figure 4B). 

PLT mitochondrial OXPHOS at CI significantly de-
pended on PLT CoQ10-TOTAL concentration (p = 0.012), 
Figure 5A, not on plasma CoQ10-TOTAL concentration at 
winter temperature (Figure 5B).

Discussion

Seasonal factors, as temperature, diseases, hormonal changes, 
reproduction and growth, may regulate metabolic function 
and contribute to the development of diseases. Most of the 

A B

Figure 4. Correlation between platelets mitochondrial LEAK respiration at CI and CoQ10-TOTAL concentration in platelets (A) and in 
plasma (B) of healthy young volunteers during winter and spring season. PLT, platelets; CI, complex I; CoQ10-TOTAL, total concentra-
tions of coenzyme Q10.

Figure 5. Correlation between platelets mitochondrial OXPHOS at CI and CoQ10-TOTAL concentration in platelets (A) and in plasma (B) 
of healthy young volunteers during winter and spring season. PLT, platelets; CI, complex I; CoQ10-TOTAL , total concentrations of co-
enzyme Q10.

A B
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available information about the effect of the season on mito-
chondrial function and antioxidants are focused on various 
animals and birds. 

The activities of antioxidant enzymes (glutathione per-
oxidase, superoxide dismutase, glutathione reductase, total 
antioxidant status) and malondialdehyde concentration were 
found higher during summer season than in winter in Karan 
Fries bull (Soren et al. 2018). 

Antioxidants and lipid peroxidation 

In our study we did not find significant seasonal differ-
ences in CoQ10-TOTAL and α-tocopherol concentration in 
platelets, whole blood and plasma as well as plasma lipid 
peroxidation in human subjects. However, CoQ10-TOTAL 
concentration and α-tocopherol in platelets were reduced 
in winter by 29.24% and 31.28%, respectively. On the other 
hand, the concentrations of γ-tocopherol in blood and 
plasma were significantly higher (p  < 0.05) in winter in 
comparison with spring season (Table  2). Other authors 
in a  Swiss population found higher concentrations of 
γ-tocopherol in winter and spring than in other seasons 
(Winklhoffer-Roob et al. 1997). High concentrations of 
two tocopherol isomers (γ and δ) found in tissues of insects 
in winter as protection against the higher risk of oxida-
tive damage to PUFA in membranes (Košťál et al. 2013). 
Concentrations of γ-tocopherol in blood and tissues are 
dependent on cytochrome P450 metabolism in the liver (Abe 
et al. 2007). We suppose that the inhibition of cytochrome 
P450 activity due to the slightly increased lipid peroxidation 
and decreased antioxidant protection in winter could affect 
concentrations of γ-tocopherol.

Platelets mitochondrial respiration and oxidative  
phosphorylation 

Seasonal variations on mitochondrial function in mam-
mals, in various animals and birds were documented 
(Bernabucci et al. 2002; Fultado-Filho et al. 2007; Bhat 
et al. 2008; Mujkosová et al. 2008; Konior et al. 2011; Van 
de Cromennacker et al. 2011). An effect of higher tem-
perature and hibernation during season on mitochondrial 
function was found in fish of Adriatic sea (Chainy et al. 
2016). In mitochondria isolated from the eurythermal 
bivalde Mya arenaria from a low-shore intertidal popula-
tion of the German Wadden Sea respiration was measured 
between 5–15°C and 20–25°C. The highest mitochondrial 
respiration (state 3 and state 4) and respiratory control 
ratios (RCR) were found at 15°C, at higher temperature 
RCR decreased, and released ROS were doubled between 
15 and 25°C (Abele et al. 2002). In oysters a  strong ef-
fect of seasonality on mitochondrial function was found 
(Cherkasov et al. 2010). Low temperature is characterized 

by lower metabolism. Hypothermia suppresses platelets 
metabolism, increases volume and deformation of plate-
lets, may enhance platelets aggregation (Poucke et al. 
2014). Decreased mitochondrial ATP production, lower 
membrane potential and increased free oxygen radicals 
production were reported at hypothermia (Hendriks et 
al. 2017). 

Increased mitochondrial respiration in peripheral blood 
mononuclear cells was associated with low concentration of 
vitamin D in healthy adults during winter season with lower 
intensity of UV sunlight (Calton et al. 2016, 2017). This effect 
on bioenergetics of immune cells corresponded to activation 
of immune system by insufficient vitamin D concentration 
(Calton et al. 2015). 

Our data showed no significant difference in respiration 
of intact and permeabilized PLT between winter and spring 
season in young healthy humans. Although all parameters 
of PLT respiration were slightly lower in winter season, the 
differences between the two groups of young healthy partici-
pants examined in winter and spring were not significant. In 
our previous study we did not find significant differences in 
PLT respiration between healthy young and elderly people 
(Gvozdjáková et al. 2018). 

Together these findings support the findings of oth-
ers that significant changes in PLT respiration indicate 
disease-related mitochondrial dysfunction. Impaired 
platelet mitochondrial function has been found in various 
human diseases, in critically ill patients with sepsis and 
cardiogenic shock (Protti et al. 2015), in patients with 
type  2 diabetes, Alzheimer´s (Bosetti et al. 2002; Shi et 
al. 2008), Huntington´s disease (Parker et al. 1990) and 
migraine headaches (Sangiorgi et al. 1994). Lower plate-
let mitochondrial Complex I and Complex II-III activity 
was seen in early untreated Parkinson´s disease patients 
(Haas et al. 1995), while patients with schizophrenia 
showed an increase in Complex I activity (Zharikov and 
Shiva 2013). In platelets of patients with septic shock and 
cardiogenic shock activities of mitochondrial complexes 
were lower in comparison with control group: NADH 
(nicotinamide adenine dinucleotide dehydrogenase – 
20 to 25% reduction, p  < 0.0001), Complex  I  (NADH-
ubiquinone reductase – 30% reduction), Complex I-III 
(NADH-cytochrome c reductase – 30 to 35% reduction), 
Complex IV (cytochrome c oxidase – 60 to 65% reduction). 
Platelets of patients with sepsis had also lower succinate 
dehydrogenase activity (20% reduction). The activities of 
respiratory chain Complexes I and II in isolated platelets 
were significantly higher in females with anorexia nervosa 
in comparison with control group. No differences were 
found in the activities of Complexes I, III and IV, and 
citrate synthase (Bohm et al. 2007). A decrease of platelets 
mitochondrial Complex I-linked respiration was found in 
humans after statins treatment (Vevera et al. 2016). 
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The correlation between platelet mitochondrial function and 
coenzyme Q10 concentration

Figure 3 shows slightly decreased oxygen consumption by in-
tact platelets and slightly decreased platelets mitochondrial res-
piration at LEAK and OXPHOS state with CI-linked substrates. 
In winter season LEAK respiration at CI possitively correlates 
with plasma CoQ10-TOTAL concentration (p = 0.001), not with 
CoQ10-TOTAL concentration in platelets (Figures 4A, B).

Opposite, platelets mitochondrial respiration associated 
with ATP synthesis via oxidative phosphorylation stimulated 
by saturating concentration of ADP at Complex I in winter 
season significantly depended on CoQ10-TOTAL concentra-
tion in platelets (p = 0.012), not on CoQ10-TOTAL concen-
tration in plasma (Figures 5A, B). These correlations were 
not found in spring season. We suppose that concentration 
of coenzyme Q10 as a  key component of mitochondrial 
respiratory chain necessary for ATP synthesis is important 
for platelets mitochondrial function in winter season. In 
our previous study we found significant dependence of 
platelets mitochondrial OXPHOS function on their CoQ10 
concentration in young, not in elderly humans (Gvozdjáková 
et al. 2018). These findings suggest that insufficient CoQ10 
concentration in platelets could adversely affect platelet 
mitochondrial function, however, limiting concentrations 
are not known.

Coenzyme Q10 supplementation at winter season is rec-
ommended. The mechanism of hypothermia on platelets 
function have not been fully elucidated. 

Conclusion

Our data showed no significant difference in platelets mi-
tochondrial function between two groups of healthy young 
people examined in winter and spring season, although in the 
winter season platelets mitochondrial respiration associated 
with ATP production as well as coenzyme Q10 concentration 
were slightly decreased. The importance of CoQ10-TOTAL for 
platelets mitochondrial respiration and oxidative phospho-
rylation during winter season was demonstrated.

We conclude that seasonal temperature participates on 
the mechanisms of platelets mitochondrial respiratory chain 
function and oxidative phosphorylation, which depend on 
their CoQ10-TOTAL concentration at lower winter outside 
temperature. CoQ10 supplementation may improve platelet 
mitochondrial respiration associated with ATP production 
in the winter season. High-resolution respirometry offers 
a sensitive method for detecting slight changes in platelet 
mitochondrial function. 

Disclosure. This work was not published before; part of the results 
were presented at the 9th Conference of the International Coenzyme 

Q10 Association, New York, USA, June 21–24, 2018, (Nemec et al. 
2018). This publication was approved by all coauthors. 

Conflict of interest. The authors declare that they have no conflict 
of interests. 

Author´s contribution. AG prepared design, managed this study 
and wrote manusript; JK measured and evaluated antioxidants and 
revised the manuscript; ZS and MN evaluated respirometric data 
and revised the manuscript; ZS measured and evaluated citrate 
synthase activity, prepared figures and tables; ACh managed blood 
collection and evaluated biochemical parameters; OV, ZR, MK, 
ZK performed respirometric measurements; VM managed blood 
collection, biochemical parameters and revised the manuscript.

Acknowledgements. Grant KEGA Ministry of Education. 063UK-
4/2017 and Grant VEGA Ministry of Education, No. 1/0039/19.

References 

Abe C, Uchida T, Ohta M, Icikawa T, Yamashita K, Ikeda S (2007): 
Cytochrome P450-dependent metabolism of vitamin E iso-
forms is a critical determinant of their tissue concentrations 
in rats. Lipids 42, 637-645

 https://doi.org/10.1007/s11745-007-3064-2
Abele D, Heise K, Portner HO, Puntarulo S (2002): Temperature-

dependence of mitochondrial function and production of reac-
tive oxygen species in the intertidal mud clam Mya arenaria. J. 
Exp. Biol. 205, 831-841

Ballinger MA, Andrews MT (2018): Nature‘s fat-burning machine: 
brown adipose tissue in a hibernating mammal. J. Exp. Biol. 
221, jeb162586

 https://doi.org/10.1242/jeb.162586
Bernabucci U, Ronchi B, Lacetera N, Nardone A (2002): Markers of 

oxidative status in plasma and erythrocytes of transition dairy 
cows during hot season. J. Dairy Sci. 85, 2173-2179

 https://doi.org/10.3168/jds.S0022-0302(02)74296-3
Bhat S, Rao G, Murthy KD, Bhat PG (2008): Seasonal variations 

in markers of stress and oxidative stress in rats. Ind. J. Clin. 
Biochem. 23, 191-194

 https://doi.org/10.1007/s12291-008-0042-2
Bohm M, Papazova H, Hansikova H, Wenchich L, Zeman J (2007): 

Activities of respiratory chain complexes in isolated platelets in 
females with anorexia nervosa. Int. J. Eat. Disord. 40, 7

 https://doi.org/10.1002/eat.20403
Bosetti F, Brizzi F, Barogi S, Mancuso M, Siciliano G, Tendi EA, 

Murri L, Rappoport SI, Solani G (2002): Cytochrome c oxidase 
and mitochondrial F1F0-ATPase (ATP synthase) activities in 
platelets and brain from patients with Alzheimer‘s disease. 
Neurobiol. Aging 23, 371-376

 https://doi.org/10.1016/S0197-4580(01)00314-1
Calton EK, Keane KN, Newsholme P, Soares MJ (2015): The impact 

of vitamin D levels on inflammatory status: A systematic review 
of immune cell studies. PLoS One 10, e0141770

 https://doi.org/10.1371/journal.pone.0141770
Calton EK, Keane KN, Soares MJ, Rowlands J, Newsholme P 

(2016): Prevailing vitamin D status influences mitochondrial 

https://doi.org/10.1007/s11745-007-3064-2
https://doi.org/10.1242/jeb.162586
https://doi.org/10.3168/jds.S0022-0302(02)74296-3
https://doi.org/10.1007/s12291-008-0042-2
https://doi.org/10.1002/eat.20403
https://doi.org/10.1016/S0197-4580(01)00314-1
https://doi.org/10.1371/journal.pone.0141770


333Seasonal effect of temperature on platelets mitochondria

and glycolytic bioenergetics in peripheral blood mononuclear 
cells obtained from adults. Redox. Biol. 10, 243-250

 https://doi.org/10.1016/j.redox.2016.10.007
Calton EK, Keane KN, Raizel R, Rowlands J, Soares MJ, News-

holme P (2017): Winter to summer change in vitamin D status 
reduces systemic inflammation and bioenergetic activity of 
human peripheral blood mononuclear cells. Redox. Biol. 12, 
814-820

 https://doi.org/10.1016/j.redox.2017.04.009
Chainy GBN, Paital B, Dandapat J (2016): An overview of seasonal 

changes in oxidative stress and antioxidant defence parameters 
in some invertebrate and vertebrate species. Scientifica 2016, 
6126570

 https://doi.org/10.1155/2016/6126570
Cherkasov AS, Taylor C, Sokolova IM (2010): Seasonal variation 

in mitochondrial responses to cadmium and temperature in 
easters oysters Crassostrea virginica (Gmelin) from different 
latitudes. Aquat. Toxicol. 97, 68-78

 https://doi.org/10.1016/j.aquatox.2009.12.004
Clemetson KJ (2012): Platelets and primary haemostasis. Tromb. 

Res. 129, 220-224
 https://doi.org/10.1016/j.thromres.2011.11.036
Doerrier C, Sumbalova Z, Krumschnabel G, Hiller E, Gnaiger E 

(2016): SUIT reference protocol for OXPHOS analysis by high-
resolution respirometry. Mitochondr. Physiol. Network 21, 1-12

Eigentler A, Draxl A, Wiethüchter A, Kuznetsov AV, Lassing B, 
Gnaiger E (2015): Laboratory protocol: Citrate synthase. Mi-
tochondrial marker enzyme. Mitochondr. Physiol. Network 
17, 1-11

Fultado-Filho OV, Polcheira C, Machado DP. Mourao G, Hermes-
Lima M (2007): Selected oxidative stress markers in a South 
Americal crocodilian species. Compar. Biochem. Physiol. C 
Toxicol. Pharmacol. 146, 241-254

 https://doi.org/10.1016/j.cbpc.2006.11.017
Garcia-Souza LF, Oliveira MF (2014): Mitochondria: Biological 

roles in platelets physiology and pathology. Int. J. Biochem. 
Cell Biol. 50, 156-160

 https://doi.org/10.1016/j.biocel.2014.02.015
Gnaiger E, Kuznetsov AV, Schneeberger S, Seiler R, Brandacher 

G, Steurer W, Margreiter R (2000): Mitochondria in the cold. 
In: Life in the Cold. (Eds. G Heldmaier, M Klingenspor), pp. 
431-442, Springer, Heidelberg, Berlin, New York

 https://doi.org/10.1007/978-3-662-04162-8_45
Gvozdjáková A, Sumbalová Z, Kucharská J, Chládeková A, Rausová 

Z, Vančová O, Kubalová M, Kuzmiaková Z, Nemec M, Uličná 
O, Mojto V (2018): Platelets mitochondrial function depends 
on coenzyme Q10 concentration in human young, not in 
elderly subjects. Journal of Nutritional Therapeutics 7, 67-76

 https://doi.org/10.6000/1929-5634.2018.07.03.1
Haas RH, Nasirian F, Nakano K, Ward D, Pay M, Hill R, Shults CW 

(1995): Low platelet mitochondrial complex I and complex II/
III activity in early untreated Parkinson‘s disease. Ann. Neurol. 
37, 714-722

 https://doi.org/10.1002/ana.410370604
Heim AB, Chung D, Florant GL, Chicco AJ (2017): Tissue-specific 

seasonal changes in mitochondrial function of a mammalian 
hibernator. Am. J. Physiol. Regul. Integr. Comp. Physiol. 313, 
R180-R190

 https://doi.org/10.1152/ajpregu.00427.2016
Hendriks KDW, Lupi E, Hardenberg MC, Hoogstra-Berends F, 

Deelman LE, Henning RH (2017): Differences in mitochondrial 
function and morphology during cooling and rewarming be-
tween hibernator and non-hibernator derived kidney epithelial 
cells. Scientific Reports 7, 15482

 https://doi.org/10.1038/s41598-017-15606-z
Hsiao CP, Hoppel C (2018): Analysing mitochondrial function in 

human peripheral blood mononuclear cells. Analyt. Biochem. 
549, 12-20

 https://doi.org/10.1016/j.ab.2018.03.003
Janero DR, Bughardt B (1989): Thiobarbituric acid-reactive 

malondialdehyd formation during suproxide-dependent, 
iron-catalyzed lipid peroxidation: influence of peroxidation 
conditions. Lipids 24, 125-131

 https://doi.org/10.1007/BF02535249
Konior A, Klemensak E, Brudek M, Podolecka E, Czarnowska E, 

Beresewicz A (2011): Seasonal superoxide overproduction and 
endothelial activation in guinea-pig heart seasonal oxidative 
stress in rats and humans. J. Mol. Cell. Cardiol. 50, 686-694

 https://doi.org/10.1016/j.yjmcc.2010.11.010
Košťál V, Urban T, Řimnáčová L, Berková P, Šimek P (2013): Sea-

sonal changes in minor membrane phospholipid classes, sterols 
and tocopherols in overwintering insects, Pyrrhocoris apterus. 
J. Insect. Physiol. 59, 934-941

 https://doi.org/10.1016/j.jinsphys.2013.06.008
Kramer PA, Ravi S, Chacko B, Johnson MS, Darley-Usmar VM 

(2014): A review of the mitochondrial and glycolytic metabo-
lism in human platelets and leukocytes: Implications for their 
use as bioenergetic biomarker. Redox Biology 2, 206-210

 https://doi.org/10.1016/j.redox.2013.12.026
Kucharská J, Gvozdjáková A, Mizera S, Braunová Z, Schreinerová 

Z, Schrameková E, Pecháň I, Fabián J (1998): Participation of 
coenzyme Q10 in the rejection development of the transplanted 
heart. Physiol. Res. 47, 399-404

Lang JK, Gohil K, Packer L (1986): Simulteneous determination 
of tocopherols, ubiquinols, and ubiquinones in blood, plasma, 
tissue homogenates, and subcellular fractions. Anal. Biochem. 
157, 106-116

 https://doi.org/10.1016/0003-2697(86)90203-4
Lemieux H, Blier PU, Gnaiger E (2017): Remodeling pathway 

control of mitochondrial respiratory capacity by temperature 
in mouse heart: electron flow through the Q-junction in per-
meabilized fibers. Sci. Report 7, 2840

 https://doi.org/10.1038/s41598-017-02789-8
Mosca F, Fattorini D, Bompadre S, Littarru GP (2002): Assay of 

coenzyme Q10 in plasma by a single dilution step. Anal. Bio-
chem. 305, 49-54

 https://doi.org/10.1006/abio.2002.5653
Mujkosová J, Ferko M, Humeník P, Waczulíková I, Ziegelhoffer A 

(2008): Seasonal variations in properties of healthy and dia-
betic rat heart mitochondria: Mg2+-ATPase activity, content 
of conjugated dienes and membrane fluidity. Physiol. Res. 
57, S75-S82

Nemec M, Gvozdjáková A, Kucharská J, Chládeková A, Vančová 
O, Rausová Z, Uličná O, Ukropcová B, Ukropec J, Kubalová 
M, et al. (2018): A new non-invasive method for respirometric 
analysis of mitochondrial function and coenzyme Q10 esti-

https://doi.org/10.1016/j.redox.2016.10.007
https://doi.org/10.1016/j.redox.2017.04.009
https://doi.org/10.1155/2016/6126570
https://doi.org/10.1016/j.aquatox.2009.12.004
https://doi.org/10.1016/j.thromres.2011.11.036
https://doi.org/10.1016/j.cbpc.2006.11.017
https://doi.org/10.1016/j.biocel.2014.02.015
https://doi.org/10.1007/978-3-662-04162-8_45
https://doi.org/10.6000/1929-5634.2018.07.03.1
https://doi.org/10.1002/ana.410370604
https://doi.org/10.1152/ajpregu.00427.2016
https://doi.org/10.1038/s41598-017-15606-z
https://doi.org/10.1007/BF02535249
https://doi.org/10.1016/j.yjmcc.2010.11.010
https://doi.org/10.1016/j.jinsphys.2013.06.008
https://doi.org/10.1016/j.redox.2013.12.026
https://doi.org/10.1016/0003-2697(86)90203-4
https://doi.org/10.1038/s41598-017-02789-8
https://doi.org/10.1006/abio.2002.5653


334 Gvozdjáková et al.

mation in platelets. The 9th Conference of the International 
Coenzyme Q10 Association (June 21-24), New York, NY, USA, 
Abstract book: 81-82

Parker WD, Boyson SJ, Luder AS, Parks JK (1990): Evidence for 
a detect in NADH: ubiquinone oxidoreductase (complex I) in 
Huntington‘s disease. Neurology 40, 1231-1234

 https://doi.org/10.1212/WNL.40.8.1231
Pecina P, Houšťková H, Mráček T, Pecinová A, Nusková H, Tesařová 

M, Hansíková H, Janota J, Zeman J, Houštěk J (2014): Nonin-
vasive diagnostics of mitochondrial disorders in isolated lym-
phocytes with high resolution respirometry. BBB Clin. 2, 62-71

 https://doi.org/10.1016/j.bbacli.2014.09.003
Pesta D, Gnaiger E (2012): High-resolution respirometry: OXPHOS 

protocols for human cells and permeabilized fibers from small 
biopsies of human muscle. Methods Mol. Biol. 810, 25-58

 https://doi.org/10.1007/978-1-61779-382-0_3
Poucke SV, Stevens K, Marcus AE, Lancé M (2014). Hypothermia: ef-

fects on platelets function and hemostasis. Thromb. J. 2014, 12:31
 https://doi.org/10.1186/s12959-014-0031-z
Protti A, Fortunato F, Artoni A, Lecchi A, Motta G, Mistraletti G, 

Novembrino C, Comi GP, Gattoni L (2015): Platelets mitochon-
drial dysfunction in critically ill patients: comparison between 
sepsis and cardiogenic shock. Critical Care 2015, 19:39

 https://doi.org/10.1186/s13054-015-0762-7
Ravera S, Signorello MG, Bartolucci M, Ferrando S, Manni L, Caicci 

F, Calzia D, Panfoli I, Morelli A, Leoncini G (2018): Extramito-
chondrial energy production in platelets. Biol. Cell. 110, 97-108

 https://doi.org/10.1111/boc.201700025
Sangiorgi S, Mochi M, Riva R, Cortelli P, Monari L, Pierangeli G, 

Montagna P (1994): Abnormal platelet mitochondrial func-
tion in patients affected by migraine with and without aura. 
Cephalalgia 14, 21-23

 https://doi.org/10.1046/j.1468-2982.1994.1401021.x
Shi C, Guo DT, Yew ZY, Forster EI, Wang JX (2008): Effects of 

ageing and Alzheimer‘s disease on mitochondrial function of 
human platelets. Exp. Gerontol. 43, 589-594

 https://doi.org/10.1016/j.exger.2008.02.004
Schwartz C, Andrews TM (2013): Circannual transition in gene 

expression: lessons from seasonal adaptations. Cur. Top. Dev. 
Biol. 105, 247-273

 https://doi.org/10.1016/B978-0-12-396968-2.00009-9
Sjovall F, Morota S, Hansson MJ, Friberg H, Gnaiger E, Elmér E 

(2010): Temporal increase of platelet mitochondrial respiration 
is negatively associated with clinical outcome in patients with 
sepsis. Crit. Care 2010, 14:R214

 https://doi.org/10.1186/cc9337
Sjovall F, Ehinger JKH, Marelsson SE, Morota S, Frostner EA, 

Uchino H, Lundgren J, Arnbjornsson E, Hansson MJ, Fellman 
V, Elmér E (2013): Mitochondrial respiration in human viable 

platelets - methodology and influence of gender, age, and stor-
age. Mitochondrion 13, 7-14

 https://doi.org/10.1016/j.mito.2012.11.001
Soren S, Singh SV, Singh P (2018): Seasonal variation of mito-

chondrial activity related and heat shock protein genes in 
spermatozoa of Karan Fries bulls in tropical climate. Biol. 
Rhythm Res. 49, 366-381

 https://doi.org/10.1080/09291016.2017.1361584
Srere PA (1969): Citrate synthase: [EC 4.1.3.7. Citrate oxaloacetate-

lyase (CoA-acetylating)]. Methods Enzymol. 13, 3-11
 https://doi.org/10.1016/0076-6879(69)13005-0
Sumbalova Z, Hiller E, Chang S, Garcia-Souza LF, Droescher S, 

Calabria E, Volani C, Krumschnabel G, Gnaiger E (2016): 
Isolation of blood cells for HRR. Mitochondr. Physiol. Network 
21, 1-15

Sumbalová Z, Garcia-Souza LF, Veliká B, Volani C, Gnaiger E 
(2018): Respirometric analysis of mitochondrial function in hu-
man blood cells. In: Recent Advances in Mitochondrial Medi-
cine and Coenzyme Q10. (Eds. A Gvozdjáková, G Cornélissen, 
RB Singh), pp. 255-268, NOVA Science, USA

Van de Cromennacker J, Komdeur J, Burke T, Richardson DS 
(2011): Spatio-temporal variation in territory quality and 
oxidative stress: a natural experiment in the Seychelles warbler 
(Acrocephalus seychellensis). J. Anim. Ecol. 870, 668-680

 https://doi.org/10.1111/j.1365-2656.2010.01792.x
Vevera J, Fišar Z, Nekovářová T, Vrablík M, Zlatohlávek L, Hrou-

dová J, Singh N. Raboch J, Valeš K (2016): Statin-induced 
changes in mitochondrial respiration in blood platelets in rats 
and human with dyslipidemia. Physiol. Res. 65, 777-788

Wang L, Wu Q, Fan Z, Xie R, Wang Z, Lu Y (2017): Platelet mito-
chondrial dysfunction and the correlation with human diseases. 
Biochem. Soc. Transact. 45, 1213-1223

 https://doi.org/10.1042/BST20170291
Winklhoffer-Roob BM, van‘t Hof MA, Schmerling DH (1997): 

Reference values for plasma concentrations of vitamin E and 
A and carotenoid in a Swiss population from infancy to adult-
hood, adjusted for seasonal influences. Clin. Chem. 43, 146-153

Zharikov S, Shiva S (2013): Platelet mitochondrial function: from 
regulation of thrombosis to biomarker of diseases. Biochem. 
Soc. Transact. 41, 118-123

 https://doi.org/10.1042/BST20120327
Yun SH, Sim EH, Goh RY, Park JI, Han JY (2016): Platelet activa-

tion: The mechanisms and potential biomarkers. Biomed. Res. 
Int. 2016, 9060143

 https://doi.org/10.1155/2016/9060143

Received: November 26, 2018
Final version accepted: March 20, 2019
First published online: June 26, 2019

https://doi.org/10.1212/WNL.40.8.1231
https://doi.org/10.1016/j.bbacli.2014.09.003
https://doi.org/10.1007/978-1-61779-382-0_3
https://doi.org/10.1186/s12959-014-0031-z
https://doi.org/10.1186/s13054-015-0762-7
https://doi.org/10.1111/boc.201700025
https://doi.org/10.1046/j.1468-2982.1994.1401021.x
https://doi.org/10.1016/j.exger.2008.02.004
https://doi.org/10.1016/B978-0-12-396968-2.00009-9
https://doi.org/10.1186/cc9337
https://doi.org/10.1016/j.mito.2012.11.001
https://doi.org/10.1080/09291016.2017.1361584
https://doi.org/10.1016/0076-6879(69)13005-0
https://doi.org/10.1111/j.1365-2656.2010.01792.x
https://doi.org/10.1042/BST20170291
https://doi.org/10.1042/BST20120327
https://doi.org/10.1155/2016/9060143

