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Response of heart mitochondria to hyperthermia:
activation at the febrile temperature versus loss of the
inner membrane barrier at higher temperatures
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Modular kinetic analysis was applied to compare the response of the oxidative phosphorylation
system in rat heart mitochondria to different temperatures in a hyperthermic range (40-45 °C vs.
37 °C) aiming to identify the affected modules of the system. The results indicate that increasing
the temperature in a febrile range (37-41 °C) slightly activated the mitochondrial function due
to stimulation of the respiratory module, while the kinetics of the proton leak and the phospho-
rylation module was not affected. A very different pattern of changes was induced at slightly
higher temperatures (42-45 °C). A severe impairment of the energy transforming function of
mitochondria, caused by a sudden disturbance of the membrane barrier function, was observed
at 42 °C. Although the state 3 respiration rate at this temperature remained unchanged, pro-
ton leak across the inner mitochondrial membrane was substantially increased, the respiratory
module being slightly inhibited, and the membrane potential (Ay) decreased by 8 mV, lead-
ing to a partial uncoupling of oxidative phosphorylation and a diminished ATP synthesis (16%
lower phosphorylation flux). The further increase of temperature was extremely harmful to the
mitochondrial function: after three minutes of incubation at 45 °C, mitochondria became com-
pletely uncoupled and were unable to maintain Ay and to synthesize ATP. To sum it up, energy
production in heart mitochondria was slightly activated at temperatures in the febrile range and
was drastically impaired at temperatures higher by only a few degrees.
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induced by fever in various types of cells is scarce [1]. Supra-

TPP* - tetraphenylphosphonium ion; V, and V, - rates of mito-
chondrial respiration in state 2 and state 3, respectively;
Ay - transmembrane difference of electrical potential, J ol and
J, - respiration, phosphorylation and proton leak fluxes through
the oxidative phosphorylation system.

INTRODUCTION

The events following exposure of cells to moderate heating in-
volve an interplay of multiple factors operating at different regu-
latory levels and inducing changes in the metabolic activities,
signal transduction, and gene expression. The death or survival
of different cells upon hyperthermia is determined by the mo-
lecular mechanisms that are not yet well established. Despite its
physiological importance, information on the molecular events
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physiological hyperthermia (usually in the range 42-45 °C) is
clinically applied in cancer treatment [2, 3], although quite lit-
tle is known about differences in cellular response to heating
under fever compared to more severe hyperthermic conditions.
Multiple mechanisms may be responsible for the higher sensi-
tivity of tumour cells to temperature treatment as compared to
normal cells. Also, it is still not clear why cells of some tumours
are more than other tumours sensitive to heating [4, 5], or why
some normal types of cells (e. g., neurons, cardiomyocytes) are
more sensitive that other normal cells [6-9].

It has been suggested that mitochondria are important play-
ers in the development of heat-stress-induced apoptosis in cer-
tain tumour cell lines [10, 11] as well as in cardiomyocytes [9].
These organelles perform multiple functions in cell life, includ-
ing energy supply, maintaining ion balance, and up to transduc-
tion of apoptotic signals. However, the response of mitochondria
from different tissues to heating was investigated only by a few
research groups [9, 12-14]. Regardless of the mitochondrial ori-
gin, hyperthermia induces uncoupling of oxidative phosphor-
ylation (increase in state 2 respiration) and a decrease in the effi-
ciency of phosphorylation (drop in the ADP / O ratio), although
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the effect of hyperthermia on state 3 respiration to certain extent
depends on mitochondrial origin.

However, the estimation of classical functional parameters
(state 2 and 3 respiration or the ADP / O ratio) provides very
limited information about the sites of action of possible multi-
site effectors (such as hyperthermia) on the complex system of
oxidative phosphorylation. Modular kinetic analysis (or top-
down elasticity analysis) has been shown to be a valuable tool to
identify the sites of action of multi-site effectors within complex
systems (reviewed in [15]), including the effects of low tempera-
tures on the system of oxidative phosphorylation [16]. Using
this approach, a complex system (process) is simplified by divi-
sion into a small number of modules involved in the production
or consumption of one intermediate (so-called connecting or
common intermediate). In our case, we divide oxidative phos-
phorylation into three modules (proton leak, respiratory and
phosphorylation modules) that interact through the membrane
potential Ay as a connecting intermediate [17, 18]. In order to
detect the components of the system that are influenced by the
effector, the effector-induced shift in the kinetics of each module
(i. e. the dependence of the flux through the module on the level
of the connecting intermediate Ay) is determined.

The aim of our study was to perform modular kinetic analy-
sis in the hyperthermic temperature range and to compare the
effects on physiologically relevant fluxes of respiration, phospho-
rylation and proton leak induced by a febrile temperature
(40 °C) and higher temperatures commonly used for hyper-
thermic treatment (42 and 45 °C). The results indicate that the
response of heart mitochondria in these two ranges of elevated
temperature is essentially different: the febrile temperature
slightly activates mitochondrial energy producing functions,
whereas only one degree above the fever temperature causes a
severe impairment of the mitochondrial ability to the maintain
membrane potential and to synthesize ATP.

MATERIALS AND METHODS

Isolation of mitochondria

Mitochondria were isolated from hearts of male Wistar rats
(250-300 g) as described in [18], using an isolation medium
containing 160 mM KCl, 20 mM Tris,10 mM NaCl, 5 mM
EGTA, 1 mg/ml bovine serum albumine (pH 7.7). The animals
were killed according to the rules defined by the European
Convention for the Protection of Vertebrate Animals Used for
Experimental and Other Purposes (License No. 0006). After
isolation, mitochondria were suspended in a buffer containing
180 mM KCl, 20 mM Tris, 3 mM EGTA (pH 7.3) and stored on
ice. The concentration of the mitochondrial preparation was ap-
proximately 50 mg of mitochondrial protein per ml of stored
suspension. Protein content was determined by the modified
Biuret method.

Measurement of mitochondrial respiration and Ay

Mitochondrial respiration was measured at different tempera-
tures (37, 40, 42 and 45 + 0.1 °C) in a closed, stirred and ther-
mostated 1.5 ml glass vessel equipped with a Clark-type oxy-
gen electrode and a TPP* (tetraphenylphosphonium)-sensitive
electrode (A. Zimkus, Vilnius University, Lithuania) allowing a

simultaneous monitoring of Ay and mitochondrial respiration.
For each incubation, the TPP*-sensitive electrode was calibrated
with TTPBr to a final concentration of 267 nM. Ay was calculat-
ed from the distribution of TPP* using the Nernst equation and
a TPP+ binding correction factor of 0.16 wl/mg protein [18].
The assay medium contained 30 mM Tris, 5 mM KH PO,
110 mM KCl, 10 mM NaCl, I mM EGTA, 5 mM nitrilotriacetic
acid, 1 mM dithiothreitol, 50 mM creatine, 5.17 mM MgCl, (1
mM free Mg*), and 0.875 mM CaCl, (1 uM free Ca**), pH 7.2.
Excess of creatine kinase (0.1 mg/ml) was added to maintain
steady state respiration. The experiments were performed using
1 mM pyruvate plus 1 mM malate as an oxidizable substrate.
Mitochondria (0.3 mg protein/ml) were incubated in the assay
medium with the respiratory substrate (state 2) for 3 min at 37,
40,42 or 45 °C before state 3 respiration was initiated by addition
of 1 mM ATP. In this study, the rate of mitochondrial respiration
in state 2 (V,),state 3 (V,) and the respiratory control index (RCI
=V,/V) are defined according to the conventional terminology
[19]. Mitochondrial swelling at different temperatures was de-
termined spectrophotometrically [21] in the same medium.

Determination of dissolved molecular oxygen concentration
The concentration of molecular oxygen dissolved in the assay
medium at different temperatures (37-47 + 0.1 °C) was de-
termined polarographically using a glucose oxidase catalyzed
reaction between D-glucose and 02 [20] while the pH of the
medium was strictly controlled at each temperature (pH 7.2).
The reaction was initiated by adding 4.7 U/ml glucose oxidase
solution and then 100 uM of glucose solution each minute until
complete oxygen consumption. The concentration of dissolved
oxygen was calculated from the obtained polarographic curves
by the amount of glucose used for the reaction. The molar ratio
coeflicient of the reaction between D-glucose and 02 (1:0.823)
was defined in the medium with a known concentration of dis-
solved oxygen at 37 °C [22].

Modular kinetic analysis

The mitochondrial oxidative phosphorylation system was con-
ceptually divided into three functional modules interacting
through the linking intermediate membrane potential (Ay)
[17]: (i) the respiratory module that produces Ay (comprised
of the substrate carriers, dehydrogenases, respiratory chain
complexes), (ii) the phosphorylation module that consumes Ay
(comprised of ATP synthase, adenine nucleotide translocator
and phosphate carrier), and (iii) the proton leak module which
also consumes Ay (comprised of the passive permeability of the
mitochondrial inner membrane to protons, and any cation cy-
cling reactions).

The dependence of the flux through the respiratory mod-
ule (J,) on Ay was determined by gradually inhibiting the flux
through the phosphorylation module with the inhibitor of ad-
enine nucleotide translocator carboxyatractyloside (0-1.75
nmol/mg protein) and in this way modulating the value of Ay,
and concomitantly measuring the respiration flux / and Ay cor-
responding to each new steady state. The dependence of the flux
through the phosphorylation module (J,) on Ay was determined
by titrating the flux through the respiratory module with the res-
piratory chain inhibitor rotenone (0-0.06 nmol/mg protein) and
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concomitantly measuring the respiration flux (/,) and Ay cor-
responding to each new steady state. The phosphorylation flux
J, was calculated by subtracting the proton leak flux J, from the
respiration flux J,at the same value of Ay (i.e.], = J,- J,)- The
dependence of the flux through the proton leak module (J,) on
Ay was determined by titrating the flux through the respiratory
module with rotenone (0-0.08 nmol/mg protein) when the flux
through the phosphorylation module was fully blocked by ad-
dition of excess oligomycin (0.2 mg/mg mitochondrial protein).
The experiments of modular kinetic analysis were paired experi-
ments: the measurements were performed at 37 and 40 °C, or at
37 and 42 °C using the same mitochondrial preparation.

Data presentation and statistical analysis

The results are presented as means + SEM (n = 3). Statistical
significance of the temperature effects was evaluated using
Student’s t test (paired). The differences were assumed to be sta-
tistically significant at p < 0.05.

RESULTS

Cardiac dysfunction and failure is the main cause of heat-related
death [23], and it is accompanied by a substantial injury of car-
diomyocytes, which is associated with changes in mitochondrial
morphology and function followed by an impairment of cellular
energy metabolism leading to a severe cell injury and death [9].
This implies the need to determine the kinetic response of mito-
chondria from healthy heart tissue to the febrile range as well as
to the supra-physiological range of heating. We performed mod-
ular kinetic analysis (as in [17]) on isolated heart mitochondria
with the aim to detect how the increase in temperature in the
range from 37 to 45 °C affects the kinetics of the respiratory,
phosphorylation and proton leak modules.

For the modular kinetic analysis to be correct, the system
under investigation must be able to achieve a steady state [15].
For this reason, we evaluated the ability of isolated heart mito-
chondria to respire at a constant rate and to maintain Ay in the
course of their incubation in state 2 at an elevated temperature.

We obtained (data not shown) that upon incubation for 7 min
at 37 °C the rate of mitochondrial respiration in state 2 (V) and
membrane potential Ay was constant (73.5 + 3.5 nmol O « min!
« mg protein™ and 164.1 £ 0.3 mV, respectively). These values
were not significantly different at 40 °C (91 £ 7 nmol O « min™'
« mg protein™ and 163.6 + 0.3 mV, respectively). However, in-
cubation at 42 °C (one degree above the upper limit of the fever
temperature) induced a very fast increase in V, and a decrease in
Ay after 5 minutes of incubation V, increased to 315 + 24 nmol
O « min™' « mg protein~!, and Ay decreased to 130.4 £ 7.6 mV.
This possibly indicates a progressively developing uncoupling
due to the increasing permeability of the inner mitochondrial
membrane. At 45 °C the uncoupling effect was immediate: after
two minutes of incubation V, reached the maximal value of 414.5
+ 9.2 nmol O « min~'e mg protein~'. However, state 2 respiration
was inhibited in the time course of the further incubation (after
5 min V, decreased to 335 + 6 nmol O « min™' « mg protein™).
Meanwhile Ay decreased to 97.9 + 6.7 mV after three minutes
of incubation. Thus, at 45 °C mitochondria are completely un-
coupled and there is evidence for a time-dependent inhibition of
the respiratory chain. It is worth noting that there was no mito-
chondrial swelling in the temperature range 37-45 °C.

From the obtained results we have concluded that the maxi-
mal temperature for applying modular kinetic analysis is 42 °C,
since the further increase in temperature is related to a strong
and time-dependent uncoupling. However, analysis at 42 °C is
possible only with some reservations, i. e. if the rates and Ay
with different concentrations of inhibitors are compared in the
same time points (e. g., standardized at 4th-5th minute) but in
different runs.

The aim of the further experiments was to evaluate how tem-
perature elevation from 37 °C to 40 and 42 °C affects the kinetic
dependences of fluxes through the proton leak, the respiratory
and the phosphorylation modules on Ay in heart mitochondria
oxidizing pyruvate plus malate. The results showed that increas-
ing the temperature from 37 °C to 40 °C (Fig. 1, Table 1) had no
effect on the kinetics of phosphorylation (Fig. 1, A) and proton
leak (Fig. 1, C), but lead to a slight activation of the reactions of
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Fig. 1. Comparison of the kinetics of oxidative phosphorylation modules at 37 °Cand 40 °C.
A — kinetics of phosphorylation module obtained by titration with rotenone. Phosphorylation flux J, was calculated as J=1-)at the same value of Ays; B — kinetics of
respiratory module obtained by titration with carboxyatractyloside; C — kinetics of proton leak module obtained by titration with rotenone when ADP phosphorylation was

blocked with oligomycin. Averages from n = 3 independent experiments + SEM. Open symbols, the experiments were carried out at 37 °C; closed symbols, the experiments

were carried out at 40 °C
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the respiratory module (Fig. 1, B). Although the respiration (J,))
and phosphorylation (J,) fluxes through the modules of the sys-
tem in state 3 did not change significantly, the increase in the
Ay value by 4 mV (Table 1) is consistent with the activation
of the Ay producing respiratory module. The increase in Ay
may be responsible for the higher value of the flux through the
membrane leak module in state 3 (J,). These results indicate the
absence of uncoupling and a slight activation of mitochondrial
oxidative phosphorylation by the febrile temperature.

When an analogous analysis was performed to compare the
kinetics of oxidative phosphorylation modules at 37 and 42 °C,

shown in Fig. 2 and Table 2). The largest difference, in contrast
to 40 °C (Fig. 1), is a strong activation of the flux through the
proton leak module at 42 °C (Fig. 2, C). The flux through the pro-
ton leak module in state 3 (J,) was increased more than 3-fold.
In addition, the activity of the respiratory module was slightly
suppressed (Fig. 2, B). As a result of the increased membrane
leak and inhibition of the respiratory module, the value of Ay
in state 3 dropped by 8 mV (Table 2). It is important to note that
although the kinetics of the phosphorylation module was not
significantly affected (Fig. 2, A), the phosphorylation flux at the
Ay value corresponding to state 3 was reduced by 27%.

a surprisingly different pattern of changes was obtained (results

Table 1. Effect of increasing the temperature from 37 °C to 40 °C on the fluxes through the modules of oxidative phosphorylation and the membrane potential.
Jod,d, the fluxes of respiration, phosphorylation, and proton leak, respectively; Ay, membrane potential. Averages from n = 3 independent experiments; = SEM.
* statistically significant difference, p < 0.05; ** statistically significant difference, p < 0.01.

Parameters of oxidative phosphorylation Temperature
37°C | 40°C

J_(nmol O - min~' - mg protein') 540 + 21 581+18

J_(nmol O - min~' - mg protein') 486 + 22 515+17

J, (nmol O » min~' « mg protein™) 55+1 66 + 1**

Ay (mV) 142 +1 146 £ 1*
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Fig. 2. Comparison of the kinetics of oxidative phosphorylation modules at 37 °Cand 42 °C.

A — kinetics of phosphorylation module obtained by titration with rotenone. Phosphorylation flux J, was calculated as J=1-)at the same value of Ays; B — kinetics of
respiratory module obtained by titration with carboxyatractyloside; C — kinetics of proton leak module obtained by titration with rotenone when ADP phosphorylation was fully
blocked with oligomycin. Averages from n = 3 independent experiments + SEM. Open symbols, the experiments were carried out at 37 °C; closed symbols, the experiments
were carried out at 42 °C

Table 2. Effect of increasing the temperature from 37 °C to 42 °C on the fluxes through the modules of oxidative phosphorylation and the membrane potential.
Jod,d, the fluxes of respiration, phosphorylation, and proton leak, respectively; Ay, membrane potential. Averages from n = 3 independent experiments; + SEM.
*, statistically significant difference, p < 0.05; ** p < 0.01

Parameters of oxidative phosphorylation Temperature

37°C 42°C
J, (nmol O - min™' - mg protein~') 404 +17 442 +12
J, (nmol O « min™' « mg protein™) 386+ 12 280 + 30*
J, (nmol O « min™' - mg protein™') 43 +£2 140 + 17**
Ay (mV) 149+3 139 + 4%
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DISCUSSION

Our study has demonstrated that elevation of temperature in
the febrile range has a slight positive effect on the mitochon-
drial functions; however, with only one degree above the upper
limit of that range, mitochondrial activity is severely challenged,
mostly because of the progressive loss of the inner membrane
barrier function. The increase in the inner membrane perme-
ability, uncoupling and decrease in the ADP / O ratio was ob-
served by all authors [9, 12-14] in the supra-physiological range
of hyperthermia. However, there are some discrepancies in the
effects observed in the febrile range since some authors have
noted a significant uncoupling [9], whereas others have not
[12-14]. Our results showed that the progressive increase in the
membrane permeability to ions is not abolished by the inhibitor
of the mitochondrial permeability transition pore cyclosporin
A (data not shown). This indicates that the reasons other than
opening of the permeability transition pore are responsible for
the increase in the membrane leak and uncoupling of the oxi-
dative phosphorylation in the supra-physiological range of tem-
peratures.

Willis et al. [14] have reported that hyperthermia-induced
uncoupling in isolated liver mitochondria is related to an abrupt
change in the order of the inner membrane that occurs when the
temperature rises above 42 °C. This could explain the differences
in the effects of febrile and supra-physiological temperatures on
the membrane permeability observed in our experiments.

The benefits of fever or an elevated body temperature (be-
tween 37 and 41 °C) for healing different morbid states, includ-
ing infection by human immunodeficiency virus and cancer, are
documented by numerous studies (reviewed in [2]). It has been
shown that the evolutionary conserved response to infections
improves the survival following infections because it enhances
immune response [1] and decreases the viability of infectious
agents [2]. Our results indicate that the mitochondrial function
is slightly improved in the febrile range of temperatures, and
this amelioration of cellular ATP supply to some extent may
add to other beneficial effects of fever. The temperatures, even
higher than febrile, are used in hyperthermic treatment proto-
cols mostly for treating tumours; however, the mechanisms of
temperature cytotoxicity and the reasons for the differences in
response of normal and cancerous tissue are poorly understood.
At a few degrees above febrile temperature, the mitochondrial
inner membrane becomes permeable to ions, the membrane po-
tential and the efficiency of oxidative phosphorylation decrease,
therefore we conclude that at a supra-physiological temperature
the mitochondrial functions are impaired and cellular energy
supply severely declines. Although the rate of state 3 respiration
seemingly remained the same (] in Table 2), at 42 °C heart mi-
tochondrial capability to phosphorylate was diminished due to
uncoupling. However, this ability was completely lost when the
temperature was raised from 42 to 45 °C. Thus, at higher tem-
peratures the energy metabolism of a cardiac cell may be rapidly
and severely challenged and threaten the survival of the cell.

It remains to be established to what extent mitochon-
drial response in other normal and tumour cells is different.
Nevertheless, studies analogous to the one presented in this pa-
per might provide the basis for a rational selection of regimens

for hyperthermic treatment in different tissues. It is known that
the benefitial apoptotic pathway of cell death is energy-depend-
ent [24]. Therefore, it can be concluded from our results that
milder treatment conditions (i. e. moderate hyperthermia)
could be more beneficial since they lead to a less severe energy
crisis and thus may be more preferable for inducing the apop-
totic elimination pathway of tumour cells.

ACKOWLEDGEMENT

This work was supported by the Lithuanian State Science and
Studies Foundation (project No. T-34/06).

Received 15 August 2007
Accepted 23 October 2007

References

1. Ostberg JR, Gellin C, Patel R, Repasky EA. ] Immunol
2001; 167: 2666-70.

2. Dickson JA, Calderwood SK. In: Hyperthermia in Cancer
Therapy. Storm FK (ed.) Boston: GK Hall Medical
Publishers, 1983; 63-140.

3. Vertrees RA, Leeth A, Girouard M et al. Perfusion 2002; 17:
279-90.

4. Wierenga PK. Stege GJJ, Kampinga HH, Konings AWT.
Eur J Cell Biol 1994; 63: 68-76.

5. Wieder ED, Fox MH. Int ] Hypertherm 1995; 11: 733-42.
Matsumi N, Matsumoto K, Mishima N et al. Neurol Med
Chir (Tokyo) 1994; 34: 209-15.

7. Haveman ], Van der Zee ], Wondergem J et al. Int J
Hypertherm 2004; 20: 371-91.

8. Fajardo LE. Cancer Res 1984; 44: 4826s-35s.

Qian L, Song X, Ren H et al. Cell Stress&Chaperones 2004;
9: 281-93.

10.  Yuen WE Fung KP, Lee CY et al. Life Sci 2000; 67: 725-32.

11. Ko S, Yuen WE Fung KP et al. Life Sci 2000; 67: 3113-21.

12.  Lepock JR, Cheng KH, Al-Qysi H et al. Int ] Hypertherm
1987; 3: 123-32.

13.  Brooks GA, Hittelman K]J, Faulkner JA et al. Am J Physiol
1971; 220: 1053-9.

14.  Willis WT, Jackman MR, Bizeau ME et al. Am ] Physiol
Regul Integr Comp Physiol 2000; 278: 1240-6.

15.  Fell DA. In: Understanding the Control of Metabolism,
Snell K (ed.). London and Miami: Portland Press, 1997.

16. Dufour S, Rousse N, Cationi P, Diolez P. Biochem ] 1996;

314: 743-51.

17.  Hafner RP, Brown GC, Brand MD. Eur ] Biochem 1990;
188: 313-9.

18. Mildaziene V, Baniene R, Nauciene Z et al. Biochem ] 1996;
320: 329-34.

19. Chance B, Williams GR. ] Biol Chem 1955; 217: 383-93.

20. Hawkins P, Parker D. Phys Med Biol 1973; 18: 570-6.

21. Beavis AD, Brannan RD, Garlid KD. ] Biol Chem 1985;
260: 13424-33.

22. Handbook of Chemistry and Physics. Chemical Rubber
Publishing, 1995.

23. Steenland K. Am J Ind Med 1996; 30: 495-99.



Response of heart mitochondria to hyperthermia: activation at the febrile temperature versus loss of the inner membrane... 39

24. Liu X, Kim CN, Yang J, Jemmerson R, Wang X. Cell 1996;
86: 147-57.

Rasa Ziikiené, Zita Nauciené, Jolita Ciapaité, Vida MildazZiené

SIRDIES MITOCHONDRIJU ATSAKAS | HIPERTERMIJA:
KARSCIAVIMO TEMPERATURA AKTYVINA
FUNKCIJAS, TACIAU JA VIRSIJUS VIDINE MEMBRANA
NETENKA BARJERO SAVYBIU

Santrauka

Ziurkés $irdies mitochondrijy oksidacinio fosforilinimo sistemos
atsakas | temperatiros pokytj (37-45 °C) buvo jvertintas taikant
moduliy kinetikos analize. Gauti rezultatai rodo, kad iki kar$¢iavimo
padidéjusi temperatara (40 °C) dél kvépavimo modulio stimuliacijos
truputj aktyvino mitochondrijy funkcijas, ta¢iau protony laidumo
ir fosforilinimo moduliy kinetika nepakito. Visai kitokie rezultatai

gauti temperatirg padidinus dar keliais laipsniais (42-45°C). Esant
42°C temperatirai, mitochondrijy energijos transformavimo funkcija
stipriai sutrinka dél staiga pablogéjusios membranos barjero funkcijos.
Nors kvepavimo greitis tre¢ioje metabolinéje busenoje nekinta, taciau
gerokai didéja mitochondrijy vidinés membranos laidumas protonams,
slopinamas kvépavimo modulis, 8 mV sumaZéja membranos
potencialas (Ay), dél to substraty oksidacija i§ dalies atskiriama nuo
ADP fosforilinimo ir 1étéja ATP sintezé (fosforilinimo srautas sumazéja
16%). Toliau didinant temperatira mitochondrijy funkcijos tampa
labai pazeidziamos: po trijy minuciy inkubacijos 45 °C temperatiroje
substraty oksidacija buna visiskai atskirta nuo ADP fosforilinimo,
mitochondrijos nesugeba palaikyti Ay ir sintetinti ATP. I$vada:
kar§¢iavimo temperatiira skatina $irdies mitochondrijy ATP sinteze,
taciau vos keliais laipsniais aukstesné drastiskai sutrikdo mitochondrijy
funkcijas.



