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A B S T R A C T   

Mitochondrial function generates an important fraction of the heat that contributes to cellular and organismal 
temperature maintenance, but the actual values of this parameter reached in the organelles is a matter of debate. 
The studies addressing this issue have reported divergent results: from detecting in the organelles the same 
temperature as the cell average or the incubation temperature, to increasing differences of up to 10 degrees 
above the incubation value. Theoretical calculations based on physical laws exclude the possibility of relevant 
temperature gradients between mitochondria and their surroundings. These facts have given rise to a conundrum 
or paradox about hot mitochondria. 

We have examined by Blue-Native electrophoresis, both in intact cells and in isolated organelles, the stability 
of respiratory complexes and supercomplexes at different temperatures to obtain information about their 
tolerance to heat stress. We observe that, upon incubation at values above 43 ◦C and after relatively short pe
riods, respiratory complexes, and especially complex I and its supercomplexes, are unstable even when the 
respiratory activity is inhibited. These results support the conclusion that high temperatures (>43 ◦C) cause 
damage to mitochondrial structure and function and question the proposal that these organelles can physio
logically work at close to 50 ◦C.   

1. Introduction 

Temperature is a key factor for life since it conditions virtually all 
biological activities, including ATP production, and its control in en
dotherms is considered an evolutionary advantage allowing higher 
metabolic efficiency (Clarke, 2017; Clarke and Pörtner, 2010). Tem
peratures over the physiological limits (heat stress) can damage cell 
structure and function leading to cell death (Zhao et al., 2006; Slimen 
et al., 2014), and are involved in some pathological conditions as well as 
being used as an anticancer therapeutic strategy (Qian et al., 2004; Wust 
et al., 2002). Knowing those limits and where they reside has relevant 

implications in understanding and preventing unwanted cell damage 
and in managing hyperthermia-based treatments. 

Mitochondria are the most important source of heat, mainly through 
the activity of the OXPHOS system located in the inner membrane and 
the associated proton leak (Clarke and Pörtner, 2010; Rolfe and Brown, 
1997). Given the elevated concentration of OXPHOS complexes at the 
cristae and the presence of a double membrane limiting the organelles, it 
could be expected that the temperature in mitochondria could reach 
values above those of the surrounding cell environment, although how 
much higher is a matter of debate (Bafou et al., 2014; Lane, 2018; 
Macherel et al., 2021; Fahimi and Matta, 2022). The possibility to 
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measure intracellular heat production and temperature variations would 
be of great interest both to basic and applied science. However, this 
determination in living cells is challenging and, although several 
methods have been reported (Okabe et al., 2018; Sakaguchi et al., 2015), 
so far there is not an established and generally recognised approach. 
Thus, the actual levels and the physiological limits of temperature 
reached inside the mitochondria remain unresolved questions (Lane, 
2018; Macherel et al., 2021; Fahimi and Matta, 2022) with controversy 
and divergent results (Chrétien et al., 2018; Kiyonaka et al., 2013; 
Nakano et al., 2017; Hayashi et al., 2015; Qiao et al., 2018; Savchuk 
et al., 2019; Homma et al., 2015; Huang et al., 2018; Kriszt et al., 2017). 

It has been reported that, in cultured cells, functioning mitochondria 
reach physiologically temperatures of 48–50 ◦C, more than 10 ◦C above 
the externally applied value (38 ◦C) (Chrétien et al., 2018). Blocking 
respiratory complex function by reducing mtDNA levels or using 
OXPHOS inhibitors such as rotenone or KCN prevented the rise in 
temperature, implying that it was mainly generated by OXPHOS activity 
(Chrétien et al., 2018). These results are surprising since they contradict 
theoretical considerations (Bafou et al., 2014; Lane, 2018; Macherel 
et al., 2021; Fahimi and Matta, 2022) and previous reports that placed 
mitochondrial temperatures in a lower range (Kiyonaka et al., 2013; 
Nakano et al., 2017; Hayashi et al., 2015; Qiao et al., 2018; Savchuk 
et al., 2019; Homma et al., 2015; Huang et al., 2018), giving rise to what 
has been called the “hot mitochondria conundrum or paradox” 
(Macherel et al., 2021; Fahimi and Matta, 2022). 

To contribute in clarifying this “conundrum”, we decided to examine 
the stability of respiratory complexes (RCs) and supercomplexes (SCs) at 
different temperatures. For this study, cultured cells and cells obtained 
from liver tissue as well as isolated liver mitochondria were incubated at 
temperatures spanning from 37 to 50 ◦C either in the absence or in the 
presence of OXPHOS inhibitors. Subsequently, the complex and SCs 
organization status and activity were analysed. The rational for this 
approach is based on the premise that the structure and function of the 
enzymes and complexes that work in the mitochondria, and that are 
directly involved in heat generation, should remain stable within the 
range of physiological temperatures reached in the organelles. Our 
findings show that RCs, and more markedly SCs, are disorganized and 
their activity is compromised after relatively short times at temperatures 
above 43 ◦C. These effects are observed even when the potential increase 
in temperature (over the incubation value) due to the OXPHOS activity 
is prevented by different inhibitors that block respiration. The 
temperature-dependent de-stabilization is similar but not identical in 
liver and cultured cells and also differs for the various RCs and their 
associations, being complex I (CI) and CI-containing SCs (CI-SCs) 
particularly sensitive to heat stress. The main effects of high tempera
tures on RCs and SCs observed in whole cells were reproduced in iso
lated mitochondria, indicating that they are not mediated by other cell 
compartments or by mitochondrial turnover. These results question the 
conclusion that mitochondria can operate physiologically and have an 
optimal function at close to 50 ◦C and place a limit to this value below 
43 ◦C. 

2. Results 

2.1. Incubation at high temperatures preferentially affects mitochondrial 
function in cultured cells 

The effects of different temperatures on human MDA-MB-468 (from 
now on MDA) cell morphology, viability and respiration capacity were 
determined. For this, the cells were incubated at 43, 45 and 47 ◦C for 1 h. 
The different analysis were performed immediately after this incubation 
and after an additional incubation or “recovery” at 37 ◦C. This recovery 
time was of 1 h for the respiration measurements and of 6 h for viability 
and survival analysis. In all cases the results were compared to cells kept 
at the standard temperature of 37 ◦C. After the incubation at 43, 45 and 
47 ◦C, the cells acquired a progressively more rounded shape and 

smaller size although no significant detachment from the culture plate 
was observed. The cell viability, as determined by trypan blue exclusion 
assay, suffered a small and progressive reduction reaching around 75% 
(relative to the 37 ◦C sample) after incubation for 1 h at 47 ◦C (Fig. 1A). 
Similarly, cell death determination by flow cytometry after labelling to 
detect membrane and DNA damage revealed a mild effect since most 
cells were still living immediately after the different treatments (more 
than 85% in the case of the treatment at 47 ◦C relative to 37 ◦C) 
(Fig. 1B). The “recovery” period for 6 h at 37 ◦C allowed the cells treated 
at 43 and 45 ◦C to reach the viability and survival values of control cells 
(37 ◦C). On the contrary, the cells incubated for 1 h at 47 ◦C still suffered 
a reduction in their viability and survival rates after the 6 h recovery 
period (to around 60% an 70% of controls, respectively) (Fig. 1A and B). 

When the respiration activity was measured, we found that both 
basal coupled and uncoupled (maximal) respiration were affected, in a 
temperature-dependent fashion, by the treatments. Thus, while in 43 ◦C- 
treated cells these parameters were not modified, they were significantly 
reduced at 45 ◦C (to around 70% of the basal respiration control values 
at 37 ◦C) and even more strongly reduced at 47 ◦C (to 40% of the basal 
respiration control values) (Fig. 1C). A further incubation at 37 ◦C for 1 h 
did not allow the high-temperature treated cells (at 45 and 47 ◦C) to 
recover the normal respiration levels (Fig. 1C). The ratio between 
uncoupled and coupled respiration progressively diminished from 
around 1.5 in control cells to around 1.2 and 1.0 in cells treated at 45 
and 47 ◦C, respectively (Fig. S1A), suggesting either a decrease in the 
reserve capacity or an increased contribution of the proton leak 
(uncoupling) to the basal respiration. To obtain more information on 
these effects, we measured the inhibition of the basal respiratory rate 
with titrated concentrations of oligomycin after treatment at 45 and 
47 ◦C for 1 h. This analysis showed that the oligomycin concentration 
needed to reach the maximum inhibition (a level around 20% of the 
initial respiration (without oligomycin) in all cases) was 2.8 μM for 
control cells (37 ◦C), but it was reduced to 1.6 and 0.6 μM, respectively, 
in the case of cells treated at 45 and 47 ◦C (Fig. S1B). In addition, 
uncoupling with DNP after the titration with oligomycin still allowed 
the respiration level to recover to values close to the respective average 
uncoupled measurement presented in Fig. 1C (Fig. S1B). This would 
exclude that the measured basal respiration in treated cells corresponds 
to uncoupled respiration in a larger proportion than in control cells. 
Instead, these results suggest that the cells treated at the higher tem
peratures, when placed again at 37 ◦C for the basal respiration analysis, 
use their remaining respiratory capacity closer to its maximum level 
than control cells. 

The results described above indicate that the cell treatment at 45 and 
47 ◦C, although it did induce only a modest initial effect on cell death/ 
viability, it severely compromised mitochondrial function. These find
ings point to a selective or preferential damage of the organelles that 
eventually leads, particularly in the case of the higher temperature, to 
cell death in the proceeding hours. In fact, in the treatment at 47 ◦C, 
after 6 h of recovery at 37 ◦C there was still a decrease in the proportion 
of viable/surviving cells (Fig. 1A and B), suggesting that the mito
chondrial damage was too severe in some cells, leading to their loss of 
viability. 

2.2. SCs and CI are unstable at temperatures over 43 ◦C in intact human 
and mouse cultured cells 

To analyse the effect of temperature on RCs and SCs stability in intact 
cells, human MDA and murine L929Balbc cells were incubated at the 
control (37 ◦C) and at higher temperatures, up to 50 ◦C, for various times 
and in the presence or absence of OXPHOS inhibitors. After incubation 
of the cells, the mitochondria were purified and the RCs and their as
sociations, following their solubilization with digitonin and separation 
under native conditions using Blue-Native polyacrylamide electropho
resis (BN-PAGE), were detected directly on the gels by in gel activity 
determination (IGA) and by western blot (WB) with the corresponding 
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antibodies. 
We observed both quantitative and qualitative effects of incubation 

at high temperatures on the OXPHOS system organization status. These 
effects of heat stress on complex and SCs levels were both time and 
temperature dependent. Incubation of MDA cells for one hour at 43 ◦C 
had only a small effect on the complex I-containing SCs (CI-SCs), 
composed by different associations between CI + CIII and by CI + CIII +
CIV, producing a very similar pattern distribution to the control cells 
incubated at 37 ◦C (Fig. 2A-D). On the other hand, incubation at 45, 47 
and 50 ◦C produced a progressively stronger and time-dependent 
reduction of all CI-SCs as well as changes in the proportion and integ
rity of individual complexes. Thus, only 15 min at 50 ◦C were sufficient 
to reduce to around 50% the average level of CI-SCs, while 30 min at this 
high temperature produced their almost complete disappearance 
(Fig. 2F and G). In turn, 1 h at 45 and 47 ◦C reduced CI-SCs to around 35 
and 21%, respectively, compared to the control situation at 37 ◦C 
(Fig. 2A and F-I, summarized in 2J). The disassembly of CI-SCs was not 
compensated by the increase in the free form of complex I (CI). Thus, no 
free CI was detectable in this cell line under any condition indicating 
that this complex, in the case of the higher temperatures, was rapidly 
degraded in parallel with SCs disassembly. Free monomeric complex IV 
(CIV) and complex II (CII) were also significantly reduced in MDA cells 
at temperatures above 43 ◦C (Fig. 2C and D, summarized in 2J). On the 
contrary, although total CIII signal also decreased with heat stress, this 
was due to its disappearance from CI-SCs since free dimeric CIII (CIII2) as 
well as CIII2 + IV remained at similar levels or were even increased at 45 
and 47 ◦C (Fig. 2B and J), indicating that these forms arise in part from 
the disassembled SCs and retain some stability. 

An additional incubation of MDA cells for 1 h at 37 ◦C, after the 
initial treatment for 1 h at 47 ◦C, was not sufficient to allow the recovery 
of RCs and SCs levels (lanes “Rec” in Fig S2) in concordance with the 
effects on respiration and survival shown in Fig. 1. 

The presence, during the incubation, of inhibitors that block 
OXPHOS activity and hence respiration without compromising cell 
viability (Fig S3) (1 mM KCN or 1 μM oligomycin) had consequences on 

RCs and SCs levels that were dependent on the temperature and treat
ment duration. At 43 and 45 ◦C after 1 h incubation and at 47 ◦C after 20 
or 40 min, KCN and oligomycin had a small but noticeable effect on SCs 
(Fig. 2A, B, D and F), partially preserving them. This observation is 
compatible with the idea that OXPHOS activity does contribute to the 
SCs de-stabilization by further increasing the temperature in the or
ganelles above the incubation value. However, when the incubation was 
at 47 ◦C for 1 h, at 45 ◦C for 90 min and at 50 ◦C for 30 min, there was no 
difference induced by the presence of the inhibitors (Fig. 2A, B and F-I). 
These results indicate that at higher temperatures and longer incubation 
times, the de-stabilization effect on SCs is independent of the OXPHOS 
system activity and of the additional heat that it may produce. 

We noticed that, after incubation at 47 ◦C, abnormal SCs bands 
migrating below the smaller SC I + III were observed with CIII antibody 
(Fig. 2B, and Fig. S2C, marked by a red asterisk), revealing an alteration 
in their composition and most probably reflecting the loss of some 
subunits normally present in these associations. In addition, a sub
complex evidencing partial degradation of CIV was observed (Fig. 2C, 
marked by a red asterisk). This abnormal band was also detected after 
the treatment at 45 ◦C upon overexposure of the WB and in the IGA 
assays for CIV (not shown). The appearance of these abnormal bands 
was not prevented by the presence of inhibitors (Fig. 2B and C). 

The quantification of the different bands detected, in 3 independent 
experiments, after the treatments for 1 h (Fig. 2J) allowed to define three 
distinct behaviours in response to increasing heat stress: a strong 
reduction for CI-SCs, a moderate reduction for CIV and CII and no 
reduction/increase for CIII2. The stronger effect on complex I levels than 
on the other complexes was confirmed by extraction of total cell proteins 
after incubation at 45 and 47 ◦C and detection of specific subunits by WB 
after SDS-PAGE compared to control cells maintained at 37 ◦C (Fig S4). 

The findings described above for human MDA cells were essentially 
reproduced in the murine L929Balbc cell line after a similar treatment at 
high temperatures. Analogous effects of heat stress on morphology and 
size reduction without detachment from the culture plate, and on 
viability, were observed for L929Balbc cells. The cell viability was 

Fig. 1. Effect of temperature incubation on MDA-MB-468 cell viability, survival and respiration. A) Cell viability, measured by the trypan blue exclusion test, 
immediately after incubation at the indicated temperature for 1 h (Recovery (h) “0′′; n = 5 for 37 ◦C and n = 4 for the rest), and after 6 h of additional incubation at 
37 ◦C (Recovery (h) “6”; n = 4 for 37 ◦C and n = 3 for the rest). B) Cell survival measured by 7-AAD and Annexin-V-FITC staining by flow cytometry, immediately 
after the different temperature treatments for 1 h (Recovery “0”; n = 6 for 37 ◦C and n = 3 for the rest), and after 6 h of additional incubation at 37 ◦C (“6”; n = 5 for 
37 ◦C and n = 3 for the rest). C) Respiration values (oxygen consumption) immediately after incubation at the indicated temperatures for 1 h and after an additional 
incubation at 37 ◦C for 1 h (Recovery (1 h)). Left: basal coupled respiration; right: uncoupled or maximal respiration. (n = 8 for 37 ◦C, n = 4 for 47 ◦C and n = 3 for 
the rest). * p < 0.05 with respect to 37 ◦C; see M&M for details. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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progressively reduced with increasing temperature incubation, reaching 
around 63% compared to 37 ◦C upon incubation for 1 h at 47 ◦C, and 
suffered a further reduction after the 6 h recovery period in the case of 
the 45 and 47 ◦C treatments (Fig S5). Concerning the RCs and SCs status, 
similar quantitative and qualitative effects were also obtained. Thus, 
incubation at 43 ◦C for 1 h had a small effect on SCs and complex levels, 
while incubation at 45 and especially at 47 ◦C for the same time pro
duced a stronger and differential effect (Fig. 3). The three behaviours 
previously described for MDA cells were observed again: strong reduc
tion for SCs and for free CI (detectable in this cell line), moderate 
reduction for free CIV, CV and CII (Fig. 3D, E and F, respectively) and 
smaller or no reduction for dimeric CIII (Fig. 3C) compared with the 
controls at 37 ◦C. These behaviours can be observed in the quantification 
of the treatment effects on different RCs and on SCs, obtained from two 
experiments using KCN as inhibitor, shown in Fig. 3H. In this quantifi
cation, the levels of CII, CIV and CV were represented together since they 

showed a very similar trend. The qualitative effect consisting on the 
appearance of a CIV subcomplex previously described for human cells 
was also present in this case at 47 ◦C (Fig. 3D), but the abnormal 
supercomplexes detected by the CIII antibody were not observed. In the 
murine cell line, similarly to human cells, the effect of inhibitors (KCN 
and antimycin A) in preventing SCs de-stabilization was small and 
especially noticeable at 43 ◦C, but was not present at 47 ◦C (Fig. 3A, B 
and H). 

2.3. SCs and CI are unstable at temperatures over 43 ◦C in liver cells 

To analyse these effects in a more physiological setting, liver cells 
from C57BL/6J (C57) mice were isolated either by the collagenase 
method (Charni-Natan and Goldstein, 2020) or by a simple mechanical 
method (see Materials and Methods) and treated at different tempera
tures as before. Again, a selective time and temperature dependent effect 

Fig. 2. Effect of high temperatures on mitochondrial complex and SCs stability in human MDA cells. The cells were incubated for 1 h (A-E) or for the indicated 
times (F-I) at different temperatures in the absence (lanes “-”) and in the presence of respiratory inhibitors (1 mM KCN or 1 μM oligomycin (“Olig.”); lanes “+”) and 
then the assembly status of RC and SCs was analysed by BN-PAGE followed by IGA or WB detection. A), F) and H) Pattern of complex I-containing supercomplexes 
(CI-SCs) detected by IGA for NADH dehydrogenase activity. B)-E), G) and I) Immunodetection by western blot of the indicated complex and SCs (antibodies: complex 
I: NDUFA9; complex III: UQCRC1; complex IV: Cox1; Complex II: SDHA; VDAC complex: porin). The red asterisks in B) and C) indicate abnormal migrating bands 
detected by anti CIII and anti CIV antibodies, respectively. J) Quantification of the signal obtained by WB for the indicated complex (II, IV and III2) and by IGA and 
WB for CI-SCs after incubation at the different temperatures for 1 h in the absence (-) and in the presence (+) of 1 mM KCN (data from 3 independent experiments 
except for CII (2 experiments), normalization by protein loading; * p < 0.05 with respect to 37 ◦C; see M&M for details). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

R. Moreno-Loshuertos et al.                                                                                                                                                                                                                  



Mitochondrion 69 (2023) 83–94

87

on the RCs and SCs pattern was observed with quantitative and quali
tative changes (Fig. 4 and Fig S6). The incubation of liver cells at 43 ◦C 
for 30 min, produced a mild but consistent reduction of CI-SCs which 
was paralleled by an increase in free CI levels. Incubation at 45 ◦C for 30 
min produced a stronger disappearance of SCs that was more marked 
when the treatment at this temperature lasted for 1 h or when it was at 
47 ◦C for 30 min (Fig. 4A-C). Free CI levels increased after incubation at 
43 and 45 ◦C for 30 min compared to controls at 37 ◦C, but they were 
reduced after incubation at 45 ◦C for 1 h and especially at 47 ◦C for 30 
min (Fig. 4A and B). CV and CII suffered a more moderate but also 
progressive reduction with increasing temperature (Fig. 4E and F), while 
CIV in its more abundant monomeric form was reduced significantly 
(Fig. 4D) and generated a subcomplex, that was evident already at 43 ◦C 
and increased at 45 and 47 ◦C (Fig. 4D and Fig S6, panel B, red asterisk), 
suggesting its partial degradation. In a similar way to what happened in 
cultured human and murine cells, CIII signal decreased in SCs at the 

highest temperatures but not in the band corresponding to its free form 
(CIII2) (Fig. 4C). In summary, liver cells showed the same trend but an 
even higher sensitivity to heat stress than MDA or L929Balbc cells: in
cubation for only 30 min at 47 ◦C produced a similar de-stabilization of 
SCs in liver cells than did 1 h at the same temperature in cultured cells. 
Fig. 4H shows the quantification of these effects, obtained from two 
independent experiments, after 30 min incubation at the different 
temperatures and in the presence or absence of 1 mM KCN. 

In the case of isolated liver cells, the presence of the OXPHOS in
hibitor KCN did not show any evident protective effect on respiratory 
complex and SCs stability at any temperature (Fig. 4 and Fig S6). 

2.4. SCs and CI are unstable at temperatures over 43 ◦C in isolated 
mitochondria 

Isolated mitochondria are a widely used tool to analyse the organelle 

Fig. 3. Effect of temperature on mitochondrial complex and SCs stability in murine L929Balbc cells. The cells were incubated for 1 h at different temperatures 
in the absence (lanes “-”) and in the presence of respiratory inhibitors (lanes “+”: 1 mM KCN (left panels) or 1 μM antimycin A (“AA” right panels); lane “Rot.”: 1 μM 
rotenone) and then the assembly status of RC and SCs was analysed as in Fig. 2. A) Pattern of NADH dehydrogenase (complex I) activity detected by IGA. B)-G) 
Immunodetection by WB of the indicated complex (antibodies: complex I: NDUFA9; complex III: UQCRC1; complex IV: Cox1; Complex II: SDHA; complex V: 
ATP5F1A; VDAC complex: porin). The red asterisk in D) shows an abnormal migrating band detected by anti-CIV antibody. H) Quantification of the signal obtained 
by WB for the indicated complex (I, II, IV, V and III2) and by WB and IGA for CI and CI-SCs after incubation at the different temperatures for 1 h in the absence (-) and 
in the presence (+) of 1 mM KCN (data from 2 independent experiments; statistical analysis of the differences was omitted; normalization by protein loading). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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functionality that allows easy manipulation while facilitating to discern 
effects elicited directly on the organelles from those mediated by other 
cell compartments. We analysed respiration and RCs and SCs stability 
after incubation at different temperatures in isolated liver mitochondria 
from C57BL/6J and SWISS mice, two strains showing distinct SCs 
patterns. 

When state 3 respiration was measured in liver mitochondria from 
C57 mice, incubated for 30 min at 0, 37, 43, 45 and 47 ◦C, a 
temperature-dependent progressive drop in the O2 consumption rate 
was observed compared with organelles kept at 0 ◦C (Fig S7). This 
respiration reduction reached very low values after incubation at 45 and 
47 ◦C: around 22 and 10%, respectively, relative to organelles incubated 
at 37 ◦C. 

The RCs and SCs pattern in mitochondria from SWISS mice incubated 
at 37 ◦C for 30 min was practically identical to that of organelles kept at 
0 ◦C for the same time (Fig. 5). On the contrary, we found that only 15 
min at 52 ◦C, completely de-stabilize SCs and CI while maintaining CIII2 
(Fig S8). Lower levels of heat stress had time and temperature- 
dependent effects similar although not identical to those described 
before for intact cells and in fact, closer to the ones observed in liver 
cells. Thus, incubation of isolated liver mitochondria from either SWISS 
(Fig. 5 and Fig S9 panels A-F) or from C57 mice (Fig S9 panels G and H) 
at 43–44 ◦C for 30 min produced a small but noticeable reduction of CI- 

SCs along with an increase in free CI levels (Fig. 5, left A and B panels; 
Fig S9A-C). Incubation at 45–46 and especially at 47 ◦C for 30 min 
produced a strong disappearance of SCs without further significant in
crease or even with a decrease of free CI, implying a degradation of this 
complex (Fig. 5A and B, Fig S9A and C). These effects on CI and SCs were 
more intense if the treatment was extended to 60 min (Fig. 5, right A and 
B panels). CV and CII levels were not greatly modified at any tempera
ture (Fig. 5A, E and F, Fig S9B and E), while CIV was moderately and 
progressively reduced with evidence of its degradation in a smaller 
subcomplex after incubation at 44 ◦C and above (Fig. 5D, and Fig S9D, G 
and H, band indicated by a red asterisk). Free CIII levels (CIII2) as well as 
those of the association CIII2 + IV, on the contrary, were maintained or 
even increased at 45 and 47 ◦C in parallel with SCs disappearance 
(Fig. 5C and Fig S9B) reproducing again the effects observed in whole 
cells. The quantification of the bands from the experiments shown in 
Fig. 5A-F and S9A-F (corresponding to 30 min treatment) is shown in 
panel 5H, and evidences the differential effects of heat stress previously 
described. 

The inhibition of OXPHOS activity during the incubation, by the 
presence of KCN, of KCN plus rotenone (Fig. 5, Fig S9G) or by antimycin 
A (Fig S9G), did not show a protective effect on RCs and SCs levels, and 
on the contrary, at 45 and 47 ◦C, it consistently increased the de- 
stabilization on CI-SCs (Fig. 5 and Fig S9A-C). This effect of KCN on 

Fig. 4. Effect of temperature on mitochondrial complex and SCs stability in mouse liver cells. The cells, obtained with the collagenase digestion method from 
animals of the C57BL/6J strain, were incubated at 37, 43 and 47 ◦C for 30 min and at 45 ◦C for 30 and 60 min in the absence (“-”) and in the presence of 1 mM KCN 
(“+”) and then the RC and SCs assembly status was analysed as before. A) Pattern of CI activity detected by IGA. B)-G) Immunodetection by WB of the indicated 
complex and SCs (antibodies as in Fig. 3). The red asterisk in D) marks an abnormal migrating band detected by anti-CIV antibody. H) Quantification of the signal 
obtained by WB for the indicated complex (I, II, IV, V and III2) and by WB and IGA for CI and CI-SCs after incubation at the different temperatures for 30 min in the 
absence (-) and in the presence (+) of 1 mM KCN (data from 2 independent experiments; statistical analysis of the differences was omitted; normalized by protein 
loading). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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CI-SCs was also observed in cultured and liver cells incubated at 47 ◦C 
(Figs. 2-4). 

In conclusion, although some differences were observed, the main 
effects of heat stress on RC and SCs stability found in intact liver and 
cultured cells were reproduced in isolated mitochondria, implying that 
they are predominantly exerted directly on the organelles and not 
mediated by other cell compartments. 

3. Discussion and conclusions 

The proposal that mitochondria work physiologically at around 
50 ◦C in mammalian cells when the respiratory chain is functioning 

(Chrétien et al., 2018) was surprising because it contradicts previous 
estimations and theoretical assumptions (Bafou et al., 2014; Hayashi 
et al., 2015; Homma et al., 2015; Huang et al., 2018; Kiyonaka et al., 
2013; Kriszt et al., 2017; Lane, 2018; Macherel et al., 2021; Nakano 
et al., 2017; Qiao et al., 2018; Savchuk et al., 2019; Fahimi and Matta, 
2022). Thus, among the few studies that directly measure temperature 
in mitochondria, most of them find a smaller gradient with cytoplasm 
and other compartments, ranging from one to a few degrees [15–22, 
brilliantly reviewed in 10]. In particular, the publications by Kiyonaka 
et al. (Kiyonaka et al., 2013) and Nakano et al. (Nakano et al., 2017), 
both using genetically encoded fluorescent probes directed to mito
chondria, report the higher values of temperature in the organelles. 

Fig. 5. Effect of temperature on respiratory complex and SCs stability in isolated liver mitochondria. The isolated organelles from mice of the SWISS strain 
were incubated at 0, 37, 43, 45 and 47 ◦C for 30 min (left panels) and at 45 and 47 ◦C for 60 min (right panels) in the absence (lanes “-”) and in the presence of 1 mM 
KCN (“+”) or of 1 mM KCN plus 1 μM rotenone (“+R”) and then analysed as in previous figures. A) Pattern of CI activity detected by IGA. B)-G) Immunodetection by 
WB of the indicated complex and SCs (antibodies as in Fig. 4). The red asterisk in D) shows an abnormal migrating band detected by anti-CIV antibody (anti-Cox1). H) 
Quantification of the signal obtained by WB for the indicated complex (I, II, IV, V and III2) and by WB and IGA for CI and CI-SCs after incubation at the different 
temperatures for 30 min in the absence (-) and in the presence (+) of 1 mM KCN (data from 2 experiments; statistical analysis of the differences was omitted; 
normalized by protein loading). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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They find an increase in mitochondrial temperature with respect to the 
incubation value, after inducing uncoupling either with CCCP or FCCP, 
of around 5 ◦C in the first case (Kiyonaka et al., 2013) and of 6–9 ◦C in 
the other (Nakano et al., 2017). It should be considered, however, that 
uncoupling promotes maximal OXPHOS activity and that it increases the 
fraction of chemical energy converted into heat from around 50–60% in 
state 3 respiration (Nakamura and Matsuoka, 1978; Nath, 2016; Nicholls 
et al., 2013) to close to 100%, representing hence an extreme and non- 
physiological situation. In fact, a re-evaluation of the data in (Kiyonaka 
et al., 2013) by Macherel et al. (Macherel et al., 2021) estimates the 
mitochondrial temperature in HeLa cells without uncoupling to be 
around 36–37 ◦C, the same as the incubation temperature. Other works 
using different mitochondrial specific sensing probes (both genetic and 
small molecules), and again after uncoupling to stimulate mitochondrial 
activity and heat production, report temperatures in mitochondria be
tween 1 and 5 ◦C higher than the incubation value (Hayashi et al., 2015; 
Qiao et al., 2018; Savchuk et al., 2019; Homma et al., 2015; Huang et al., 
2018; Kriszt et al., 2017; Di et al., 2021). 

Thermal physics theoretical estimations (Bafou et al., 2014; Lane, 
2018; Macherel et al., 2021; Fahimi and Matta, 2022) also question the 
possibility of such large temperature gradients inside a cell as those 
suggested by Chrétien et al. (Chrétien et al., 2018). In addition, concerns 
regarding the accuracy in temperature sensing of Mito Thermo Yellow 
(MTY), the thermal probe employed in the mentioned report (Chrétien 
et al., 2018), have been raised. In particular, MTY response to temper
ature could be affected by the local environment in confined spaces that 
are highly packed with proteins such as the mitochondrial matrix or in 
the vicinity of rotating machines such as the ATP synthase (Lane, 2018; 
Macherel et al., 2021). 

The RCs and SCs pattern, determined by Blue-Native analysis (Wittig 
and Schägger, 2008; Acín-Pérez et al., 2008; Liang et al., 2022), can 
reveal differences between cell types and physiological or non- 
physiological situations, reflecting the cell respiratory capacity (Acín- 
Pérez et al., 2008; Balsa et al., 2019; Lapuente-Brun et al., 2013; Wittig 
and Schägger, 2008; Rugolo et al., 2021). We reasoned that, by incu
bating cells and isolated mitochondria at different temperatures in 
conditions where OXPHOS function is blocked and cannot contribute to 
generate heat, and then determining RCs and SCs function and stability, 
we could obtain information about the maximum physiological values of 
this parameter that can be reached inside the organelles. Our results 
show that, after incubation at temperatures up to 42–43 ◦C, the complex 
and SCs organization in intact cells and isolated mitochondria, at least 
during the relatively short times analysed, suffer only minor affectation. 
Respiratory capacity in cultured cells also seems to be marginally 
affected after these treatments. On the contrary, incubation at temper
atures above 43 ◦C rapidly and progressively induced the disassembly of 
SCs and the degradation of some complexes (especially CI and, to a 
lesser extent, CIV) and severely reduced respiration. The presence of 
OXPHOS inhibitors had a partial protective effect on RC and SCs sta
bility only at milder heat stress treatments (at temperatures of 43–45 ◦C 
and at the shorter times) in cultured cells. This fact suggests that, by 
preventing a further increase in the applied temperature by the heat 
generated through mitochondrial activity, the disassembly is slowed 
down but not completely avoided. When higher temperatures, 47 ◦C and 
above, or longer times at 45 ◦C were applied, the final effect tended to 
become independent on the presence of inhibitors and hence on the 
existence of mitochondrial activity. This partially protective effect of 
different inhibitors (AA for complex III, KCN for complex IV and oligo
mycin for complex V) was similar in cultured cells but was not observed 
in the case of liver cells and isolated liver mitochondria which showed a 
higher sensitivity to heat stress than the established cell lines. 

Not all the complexes and SCs were equally sensitive to heat stress. 
Thus, the largest SCs, all containing complex I (CI-SCs), were more 
affected by increasing temperature (Figs. 2-5). This differential effect 
was also evidenced by the fact that CI was massively degraded in vivo 
and in organello at the higher temperature values while a good part of 

free CIV, CV and CII were still preserved (Figs. 2-5). Even more obvious 
was the different behaviour of CIII, whose proportion in the free dimeric 
form (CIII2) and associated with CIV (CIII2 + IV) remained constant or 
even increased at 45 and 47 ◦C, indicating a higher stability than CI once 
it is disassembled from the larger SCs (Figs. 2-5). The change in the ratio 
uncoupled/coupled respiration found after the treatments (from 1.5 in 
control to around 1.0 in 47 ◦C-treated cells; Fig. 1C and Fig. S1A) could 
be explained, at least in part, by the consequences of these heat stress 
differential effects. Thus, the ratio CV/CI increases dramatically in the 
treated cells and this could induce a higher use of the remaining 
OXPHOS capacity, to close to its maximum, in trying to restore the ATP 
production. This differential sensitivity to temperature, if it is also 
operating in the physiological range, could represent an additional 
factor in the regulation of RCs and SCs assembly and organization. 

The results obtained in the in organello experiments, reproducing the 
main features of RCs and SCs disassembly and degradation observed in 
intact cells, allow to exclude that these effects elicited by heat stress 
could be mediated by other compartments and due, for example, to 
increased mitophagy. They strongly point, instead, at a direct mito
chondrial mechanism. This conclusion is also supported by the very 
short time required to observe the effects (after only 15–20 min at the 
higher temperatures, Fig. 2F and G and Fig S8) and by the differential 
consequences on individual RC and SCs discussed above. 

SCs in cultured cells showed higher resistance to heat stress than in 
liver cells or in isolated liver mitochondria (independently of the mouse 
strain), since 30 min at 47 ◦C had a similar or higher effect on their 
stability in liver cells than 1 h at the same temperature in MDA and 
L929Balbc cells (Figs. 2 and 3 vs Fig. 4). In the same direction, a CIV 
degradation band (indicating complex damage) was also more evident 
in liver cells and in isolated liver mitochondria at shorter times and 
lower temperatures than in cultured cells. These facts could be related to 
the adaptation of cultured cells to grow under conditions of high oxygen 
and increased basal reactive oxygen species (ROS) production (Halli
well, 2014; Jagannathan et al., 2016), to the faster turnover of organ
elles associated with rapid growth in culture, to the lipid composition 
differences or even to mitochondrial structural or metabolic differences 
among the various cell types. 

Our observations agree with previous studies showing that heat 
stress above 43 ◦C negatively affects mitochondrial function and struc
ture causing mitochondrial membrane depolarization and an increase in 
ROS generation (Feng et al., 2019; Roti Roti, 2008; Zhao et al., 2006; 
Zukiene et al., 2010) as well as increased proton leak associated with 
disorganization in the inner membrane lipid bilayer (Willis et al., 2000). 
Morphological consequences of heat stress include cristae reduction, 
swelling and membrane disruption (Qian et al., 2004) or increase in 
organelle fission (Yu et al., 2018). Those effects are associated to 
decreased ATP production and protein stability disruption (Wilkening 
et al., 2018) and finally contribute to apoptosis (Qian et al., 2004; Roti 
Roti, 2008; Zhao et al., 2006; Žūkienė et al., 2017). These alterations in 
mitochondrial activity and structure have been shown to be time and 
temperature dependent (Feng et al., 2019; Roti Roti, 2008; Willis et al., 
2000; Yu et al., 2018; Zukiene et al., 2010; Žūkienė et al., 2017; Wilk
ening et al., 2018) with tissue, age and even gender specific differences 
(Naučienė et al., 2012; Šilkūnienė et al., 2018). 

Although they remain to be investigated, different molecular 
mechanisms, alone or in combination, could explain the observed effects 
on RCs and SCs stability. These include from mainly physical effects 
induced by heat stress on protein folding and on protein-lipids in
teractions (Roti Roti, 2008; Willis et al., 2000) or the increase in ROS 
generation (Chen and Zweier, 2014; Feng et al., 2019; Pryde et al., 2016; 
Roti Roti, 2008; Zukiene et al., 2010; Kang et al., 2018) to the activation 
of mitochondrial proteases (Augustin et al., 2005; Deng et al., 1998; 
Patron et al., 2022; Zurawa-Janicka et al., 2013). 

The determination of the mitochondrial temperature physiological 
range is important to understand the heat generation and maintenance 
mechanisms, and has implications in pathology. Thus, both the 
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susceptibility to high temperature damage as well as the response to 
hyperthermia as a therapeutic approach could depend on variations in 
heat generation and tolerance by mitochondria (Lane, 2018). In this 
respect, it will be interesting to analyse possible differences among 
mitochondrial haplotypes as well as among tissues and metabolic situ
ations in heat generation and in the response to heat stress. In fact, the 
different survival rate after sepsis observed between human individuals 
with the H and other haplotypes has been associated to a possible 
different heat generation capacity of their mitochondria (Baudouin 
et al., 2006). In the same direction, the potential effects of uncouplers, 
that would be expected to increase heat production as well as the effects 
of lower, more “physiological” temperatures (in the 40–43 ◦C range), 
and longer treatment times deserve also a detailed study. 

From our results, the SCs de-stabilization appears to be an early and 
direct effect of heat stress in mitochondria, and we also observe that the 
recovery of SCs levels after the heat stress has been removed, if possible, 
is not a rapid phenomenon (Fig 1 and S3 Fig). Some of the negative 
consequences observed after prolonged fever such as fatigue or loss of 
OXPHOS capacity (Francoeur, 2015; Ames et al., 2017) could be related 
to these facts. 

Our findings cannot exclude that high temperatures may be reached 
inside mitochondria at certain points or during short times (Fahimi and 
Matta, 2022), but they are clearly in contradiction with the idea that 
mitochondria as a whole, and more precisely the OXPHOS system, can 
operate and have its optimum function at close to 50 ◦C (Chrétien et al., 
2018). In contrast, our results indicate that, even in the absence of 
substantial OXPHOS activity contribution to heat production, the SCs 
are unstable above 43 ◦C, strongly suggesting that optimal mitochon
drial function is incompatible with maintained higher temperatures in 
the organelles. 

4. Materials and methods 

4.1. Animals 

Mice were housed at the animal facility under strictly controlled, 
specific-pathogen-free conditions. Animals were maintained with a ro
dent diet (2914 Teklad Global 14% protein rodent maintenance diet) 
and water was made available ad libitum in a vivarium with a 12-h 
light–dark cycle at 22 ◦C. Experiments were performed in accordance 
with ethical guidelines and international standards and with the 
approval of the ethical committee (protocol n◦: PI38/21). Between 2 and 
4 female mice of the indicated strains (either C57BL/6JOlaHsd (referred 
to as “C57” or “C57BL/6J”) or RjOri:SWISS (referred to as “SWISS”), 2 to 
6 months old, were used per experiment. 

4.2. Liver cell preparation and treatments 

Liver cells were obtained by two different procedures:  

a) The collagenase digestion method essentially as described in 
(Charni-Natan and Goldstein, 2020), except that the last purification 
step involving Percoll gradients was omitted.  

b) A simple mechanical method intended to accelerate the isolation of 
cells and to prevent treatments that could interfere with mitochon
drial activities. Briefly, the livers were removed after sacrifice and 
placed in cold medium A (10 mM Tris-HCl, pH 7.4, 0.32 M sucrose, 1 
mM EDTA, 5 mM MgCl2), then they were finely chopped with scis
sors and washed several times with cold medium A to remove blood 
and cell debris. Next, the liver small pieces were transferred to a glass 
homogenizer and disaggregated in medium A (10 ml/g of tissue) 
containing 2 mg/ml BSA and a protease inhibitor cocktail (cOmplete 
™ Protease Inhibitor Cocktail (Roche)), using a loose-fitting pestle 
(0.1 mm clearance) rotating at 300 rpm, with just one up and down 
passage. The cell suspension was filtered through three layers of 
gauze and cells and small cell clumps were collected by 

centrifugation at 500 × g/2 min, resuspended and washed twice in 
the same way to eliminate blood and cell debris. After the last 
centrifugation, the cells were resuspended in 10 ml of DMEM me
dium and were counted. Viability was around 80% by trypan blue 
exclusion determination. The time from sacrifice to starting of the 
incubation with this procedure was around 35 min. 

After counting, the liver cells were diluted to approx. 3x105 cells/ml 
in DMEM containing 10% FBS and 5 mM glucose and, for each treatment 
condition, a volume of 5–7 ml of this suspension was placed in a 50 ml 
corning tube and incubated, with the lids open to allow gas exchange, at 
the desired temperature in a regular cell culture incubator with 5% CO2, 
either in the presence or absence of complex IV inhibitor KCN at 1 mM 
final concentration. After the treatment, the tubes were cooled in an ice 
bath, the cells were collected by centrifugation and homogenized to 
obtain isolated mitochondria as described (Fernández-Vizarra et al., 
2010). 

Five independent experiments were performed with freshly isolated 
hepatocytes in all cases from C57 mice (2 animals/experiment). In three 
of them the mechanical isolation method was used and incubation was 
for 30 min with 45 ◦C as the maximum temperature reached (one such 
experiment is shown in figure S6) and two experiments were performed 
using the collagenase method and reaching 47 ◦C (one is shown in 
Fig. 4A-G and both are quantified in panel 4H). No big differences were 
found in the effects of temperature on RCs ad SCs stability among cells 
obtained by both methods (see Fig. 4 for the collagenase method and 
Fig. S6 for the mechanical method results). 

4.3. Cell culture and treatments 

The human MDA-MB468 breast cancer and the mouse L929Balbc cell 
lines were cultured in high glucose DMEM (GIBCO™) medium supple
mented with 10% FBS (GIBCO™) and with penicillin/streptomycin 
(GIBCOTM). The L929Balbc cell line was obtained in our laboratory by 
transferring mitochondria from platelets of mouse strain BALB/cJ, to an 
L929 derivative mtDNA-less cell line (ρ◦L929neo) (Acín-Pérez et al., 
2003). The cells were counted and seeded the day before in order to have 
the appropriate density (80–90% coverage) at the time of treatment, and 
around 1.5 x107 cells were used per treatment condition. 

To analyse the effect of temperature on RC and SC stability in whole 
cells, fresh medium with or without OXPHOS inhibitors (KCN, oligo
mycin, antimycin A or rotenone) at concentrations that block mito
chondrial respiration without affecting cell viability (1 mM for KCN and 
1 μM for the rest, see Fig S3) was pre-heated and added to the cells at 
3–5 ◦C below the target temperature, in order to reduce the time to reach 
the desired value. The temperature inside control plates, measured with 
a thermocouple thermometer after 10–20 min of incubation, showed 
values ±0.3 ◦C around the selected value in the incubator. 

After the treatment, the cells were cooled down to RT, collected by 
trypsinization, centrifuged and processed to obtain mitochondrial ly
sates and to analyze the RCs and SCs status by Blue Native PAGE as 
described (Wittig and Schägger, 2008; Acín-Pérez et al., 2008). Briefly, 
cells (approx. 1.5 x107) were collected after trypsinization and washed 
twice with cold PBS. Cell pellets were frozen at –80 ◦C to increase cell 
breakage and were homogenized in a tightly fitting glass-teflon ho
mogenizer with about 10 cell pellet volumes of homogenizing buffer A 
(83 mM sucrose, 10 mM MOPS, pH 7.2). After adding an equal volume of 
buffer B (250 mM sucrose, 30 mM MOPS, pH 7.2), nuclei and unbroken 
cells were removed by centrifugation at 1000 g during 5 min. Mito
chondria were collected from the supernatant by centrifuging at 12,000 
g during 2 min and washed once under the same conditions with buffer C 
(320 mM sucrose, EDTA 1 mM, 10 mM Tris-HCl, pH 7.4). Protein con
centration was determined using the Bradford method (Bradford, 1976) 
and the mitochondrial pellets were suspended in an appropriate volume 
of buffer D to be at 10 mg/ml (50 mM NaCl, 50 mM imidazole/HCl, 2 
mM 6-aminohexanoic acid, 1 mM EDTA, pH 7.0). 
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No differences in the proportion of detached cells were observed 
among the various treatments. However, the treatment at 47 ◦C 
consistently reduced the yield of final mitochondrial protein with 
respect to the control at 37 ◦C by about 30%. The amount of protein of 
the different treatments loaded on the blue native gels was equalized to 
allow normalization (see below). 

Seven experiments were performed with MDA cells using different 
conditions (temperatures, times and inhibitors). The results shown in 
Fig. 2 correspond to one representative experiment (out of three) using 
KCN and one with oligomycin. Four experiments were performed with 
L929Balbc cells: two with KCN under identical conditions (one of them 
shown in Fig. 3A-G left panels and both used for the quantification in 
Fig. 3H) and one with antimycin A (shown in Fig. 3A-G right panels). 

4.4. Cell viability assays 

Cell viability was determined by the trypan blue exclusion test 
(Strober, 2001). Cells were collected by trypsinization, resuspended in 
PBS and mixed with an equal volume of 0.4 % trypan blue (Sigma) in 15 
mM NaCl and live and dead cells were counted using a hemocytometer. 

4.5. Cell death assays 

For the measurement of cell death induction, cells were stained for 
15 min at room temperature with a mixture of Annexin-V-FITC 
(Immunostep), which binds to the phosphatidylserine exposed in the 
cell surface, and 7-AAD (7-aminoactinomycin, Biolegend), which binds 
DNA and changes its absorbance, indicating cell damage, in annexin- 
binding buffer (140 mM NaCl, 2.5 mM CaCl2, 10 mM HEPES/NaOH, 
pH 7.4). Then they were washed twice with PBS and collected by 
centrifugation. Finally, they were resuspended in 200 μl of cold PBS for 
assessment in a FACSCalibur (BD Biosciences) cytometer (Marco-Brualla 
et al., 2019). Data from the cytometer were analysed using the FlowJo 
software. 

4.6. Mitochondrial isolation and incubations 

Mitochondrial fractions for in organello experiments were isolated 
from mouse liver as previously described (Fernández-Vizarra et al., 
2010). Equal amounts of the final mitochondrial suspension (typically 
0.4–0.5 ml at a protein concentration of approx. 1 mg/ml) were 
distributed in 1.5 ml Eppendorf tubes and placed at the desired tem
peratures in heating blocks with gently shaking to avoid sedimentation 
of the organelles. Incubation medium contained: 25 mM sucrose, 75 mM 
sorbitol, 100 mM KCl, 0.05 mM EDTA, 5 mM MgCl2, 10 mM Tris–HCl, 
pH 7.4, and 10 mM H3PO4 and the final pH of the solution was adjusted 
to 7.4 with 0.5 M Tris base. 2 mg/ml fatty acid-free BSA, 1 mM ADP, 10 
mM glutamate, and 2.5 mM malate were added to the medium to sup
port mitochondrial respiratory activity. When corresponding, specific 
OXPHOS inhibitors (KCN, rotenone or antimycin A) were added from a 
100X stock solution to the corresponding tubes before starting the in
cubation. After the treatments, the tubes were cooled on ice and the 
mitochondria were collected by centrifugation and treated for BN-PAGE 
analysis as described below. 

Six experiments were performed with liver isolated mitochondria 
using different conditions (temperatures, times and inhibitors): four 
from C57BL/6J mice and two from SWISS mice (3 to 4 animals/exper
iment in all cases). Representative examples of the results are shown in 
figures 5, S8 and S9. 

4.7. Respiration measurements 

O2 consumption in intact cells was determined with an oxytherm 
Clark-type electrode (Hansatech) as previously described (Hofhaus 
et al., 1996) with small modifications (Acín-Pérez et al., 2003). Respi
ratory activity in isolated mitochondria was measured as previously 

described (Fernández-Vizarra et al., 2010). Additional information on 
coupling degree was obtained in intact cells after incubation at 37, 45 
and 47 ◦C by respiration measurement in the presence of titrated 
quantities of oligomycin. Briefly, after registering basal respiration, 
small amounts of oligomycin were added to the oxygen electrode 
chamber using a Hamilton syringe until maximal inhibition of oxygen 
consumption (that happened to be ̴ 20% of basal respiration rate in all 
three cases analyzed) was reached. Then, the uncoupler DNP was added 
(at a final concentration of 65 μM) to evaluate the maximal respiratory 
capacity of cells. Finally, respiration was inhibited with KCN at 4 mM. 

4.8. Blue Native polyacrylamide electrophoresis 

Mitochondrial fractions obtained from cultured cells or liver cells 
after the treatments of intact cells, as well as the isolated liver mito
chondria after the in organello experiments were processed for BN-PAGE 
analysis to determine their RC and SCs levels and assembly status. First, 
the protein concentration in the mitochondrial preparations was deter
mined, they were resuspended at 10 mg/ml and digitonin (from a 10% 
stock) was added to a final concentration of 4 mg detergent/mg of 
protein (Wittig and Schägger, 2008). After centrifugation at full speed 
(14 Krpm) in a microcentrifuge for 30 min to remove insoluble material, 
digitonin-solubilized mitochondrial proteins (50–80 μg for IGA and 
30–50 μg for WB) were separated on blue native gradient gels (3–13% 
acrylamide, Novex). After electrophoresis, the gels were further pro
cessed for WB or for in gel complex I and/or complex IV activity (IGA) as 
described (Acín-Pérez et al., 2008). In some cases, after the IGA assay, 
the gels were fixed with methanol/acetic acid and stained with Coo
massie blue. 

4.9. Analysis of mitochondrial RC and SCs status by Western-blot 

After BN-PAGE, the proteins were electroblotted onto PVDF mem
branes, and then the membranes were blocked with PBS-T buffer con
taining 5% non-fat milk. Antibodies (in PBS-T containing 0.5% non-fat 
milk) against complex I, anti-NDUFA9 (Invitrogen); complex III, anti- 
Uqcrc1 (Invitrogen); complex IV, anti-COI (Invitrogen); complex II, 
anti-SDHA (Novex-Life Technologies); complex V, anti-α-F1-ATPase 
(Mitosciences); and VDAC, anti-porin (Abcam), were used to incubate 
the membranes. In some experiments antibodies for different complexes 
were incubated and detected simultaneously on the same blot. After 
that, membranes were washed again with PBS-T and incubated with 0.2 
μg/ml of the secondary antibody labelled with peroxidase (Sigma). 
Finally, proteins were revealed with the Pierce ECL Western Blotting 
Substrate (Thermo Scientific). The signal was documented using the 
Amersham Imager 600 and quantified with the instrument included 
application. 

Complementary analysis of the temperature treatment effects on RCs 
subunits steady state was performed by SDS-PAGE electrophoresis of 
total cell proteins from MDA and L929Balbc cells. After the different in
cubations (at 37, 45 and 47 ◦C for 1 h), the cells were collected from 60 
mm-diameter culture plates, washed twice with PBS and total proteins 
were extracted using RIPA buffer containing protease inhibitors. Around 
20 µg of total protein from each treatment were run in a 12.5% acryl
amide/bisacrylamide SDS-PAGE and electroblotted onto PVDF mem
branes which were probed with specific antibodies to detect different 
RCs subunits and porin. 

4.10. In gel complex I and complex IV activity assay (IGA assay) 

For the determination of in gel complex I activity after electropho
resis (IGA for CI), the polyacrylamide gel was submerged in a solution of 
Tris-HCl 5 mM, pH 7.4, NADH 0.1 mg/ml and Nitro tetrazolium Blue 
chloride (NBT) 2.5 mg/ml. Complex I activity is revealed by a dark-blue 
precipitate forming in the corresponding bands that appears between 10 
and 30 min but continues to develop for several hours. Complex V is 
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usually visible in the blue native gels as a light blue band because it is 
very abundant and binds the Coomassie brilliant blue G-250 that is 
present in the sample loading and running buffers (Wittig and Schägger, 
2008). 

For cytochrome c oxidase activity detection (IGA for CIV), the gel 
was incubated with 50 mM Potassium Phosphate buffer; pH 7.2; con
taining 0.05% diaminobenzidine (DAB) and 50 μM reduced cytochrome 
c. Complex IV activity is revealed as a brown precipitate in the corre
sponding bands that appears typically between 30 and 60 min but 
continues to develop for several hours. 

The gels were placed on a white translucid screen (BioRad)) and 
photographed with a digital camera at a distance of around 15 cm 
(against natural light). The signal corresponding to CI (or CIV) activity 
was quantified on the picture by densitometry, in a similar way to WB 
assays, using the Image J analysis software (Rasband, W.S., ImageJ, U. S. 
National Institutes of Health, Bethesda, Maryland, USA.). The results 
obtained for CI-SCs with the IGA and WB assays were very coincident 
(see, for example, Fig. 2A and 2B or 2E-H) and were combined for the 
quantification shown in Fig. 2I. In the case of CIV, some discrepancies 
were found in some cases between the signal obtained by the IGA assay 
and that of the WB, and thus only the data from the latter were used for 
quantification of this complex. 

Note: The pattern of RC and SCs observed by IGA or WB after Blue 
Native electrophoresis (the bands observed and their proportions) shows 
differences depending on the species, strain, the cell type and the 
physiological or pathological situation (for a characterization see ref
erences 28–33 and therein). All the SCs migrating above isolated CI 
(which has a molecular mass of about 1 MDa) contain CI and CIII and 
only some of them contain also CIV. The relationship among the 
different SCs forms and their precise role in respiration are still under 
investigation. Although the effects of high temperatures described in 
this work were not exactly the same on all the bands corresponding to 
these SCs, they have been considered together for simplicity. 

4.11. Statistics 

Results, displayed as mean ± SEM, were statistically analysed by 
ANOVA using the statistical package Stat View 5.0 (SAS Institute). Sta
tistically significant p values were indicated: * p ≤ 0.05. 

Chemicals and reagents were purchased from Sigma-Aldrich except 
where otherwise noted. 
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