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Abstract Various thermotherapies are based on the induc-
tion of lethal heat in target tissues. Spatial and temporal in-
stabilities of elevated temperatures induced in therapy targets
require optimized treatment protocols and reliable temper-
ature control methods during thermotherapies. Heat-stress
induced effects on mitochondrial transmembrane potentials
were analyzed in breast cancer cells, species MX1, using
the potential sensor JC-1 (Molecular Probes, Invitrogen,
Germany). Potential dependant labeling of heat-stressed
cells was imaged and evaluated by fluorescence microscopy
and compared with control cells. JC-1 stains mitochondria in
cells with high mitochondrial potentials by forming orange-
red fluorescent J-aggregates while in cells with depolarized
or damaged mitochondria the sensor dye exists as green
fluorescent monomers. In MX1 cells orange-red and green
fluorescence intensities were correlated with each other af-
ter various heat-stress treatments and states of mitochon-
drial membrane potentials were deduced from the image
data. With increasing stress temperatures the intensity of red
fluorescent J-aggregates decreased while the green fluores-
cence intensity of JC-1 monomers increased. This heat-stress
response happened in a nonlinear manner with increasing
temperatures resulting in a nonlinear increase of red/green
fluorescence ratios. These data indicated that mitochondria
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in MX1 cells were increasingly depolarized in response to
increasing ambient temperatures.
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Introduction

Heat represents a primarily environmental stress factor in-
ducing multiform stress reactions in cells and tissues ex-
posed to unphysiologically elevated temperatures. Molecu-
lar mechanisms triggered by heat stress include enhanced
synthesis of so-called heat shock proteins (HSP) providing
a limited protection of cells and organisms against heat-
induced damages [1–4]. HSP are also involved in other stress
responses initiated by non-thermal stress factors, like oxida-
tive stress, energy and nutrient depletions, or drug toxicities
[4]. The effectiveness of HSP mediated damage protections
depend on the stress factor dose, exposure time, and the cell
species encountering stress. Especially heat stress induces
cell type individual stress reactions [2]. Detailed knowledge
about molecular HSP functions and the resulting metabolic
interactions does not exist so far [4].

In the field of clinical cancer therapy two major groups
comprise thermotherapy: 1. laser-induced thermotherapy in-
ducing local temperatures between 60◦C and 100◦C [5–7]
and 2. hyperthermia working with temperatures below 45◦C
[8]. Combined modality treatments such as hyperthermia-
assisted radiotherapy and/or chemotherapy are under inten-
sive investigation today [8–11]. A further thermotherapeutic
approach has been published by Jordan et al. (2001) and
Johannsen et al. (2005) who suggested injection of mag-
netic nanoparticles into a tumor followed by application of
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alternating current magnetic fields inducing elevated temper-
atures in the nanoparticle-loaded tissue [12, 13]. Generally,
if the temperature induced in a target tissue is high enough to
cause lethal effects and to induce thermal destruction ther-
motherapy is successful [5–11]. Since heat transfer and dis-
tribution in a target usually are irregular and exhibit spatial
and temporal instabilities there is always a risk that areas
of the thermotherapeutic target survive the intervention and
cause persistence or recurrence of disease [7, 14, 15]. Thresh-
olds for thermal damage in human tissues vary among tissue
species as well as among normal and diseased tissues [16,
17]. Several reports have demonstrated mitochondria to be
major targets of heat stress inside eukaryotic cells [18–22].

Fluorescent probes for the measurement of membrane
potential have been under steady development since the pio-
neering work of Waggoner [23]. In the present study we in-
vestigated the heat responsibilities of mitochondria in MX1
breast carcinoma cells by membrane potential-dependant flu-
orescence labeling. The mitochondrial transmembrane po-
tential sensor JC-1 (Molecular Probes, Invitrogen, Germany)
was used. In intact and highly polarized mitochondria JC-1
accumulates as orange-red fluorescent J-aggregates while in
damaged cells with depolarized mitochondrial membranes
the dye forms green fluorescent monomers. Therefore the
relation between red and green fluorescence intensities de-
scribes mitochondrial transmembrane potentials (��m) and
gives evidence of the physiological or pathological state
of the cells under investigation [24]. Spectral properties of
monomeric and multimeric forms of the JC-1 sensor dye are
illustrated in Fig. 1.

Depending on the stress temperature cells were exposed
to, the mitochondria were more or less depolarized leading
to an increase in green fluorescent JC-1 monomers accom-
panied by a decrease in orange-red J-aggregates. This effect
was rather weak under comparatively mild heat stress con-
ditions between 40◦C and 45◦C while under severe stress
at 50◦C or 56◦C the response was more pronounced and
clearly documented by very low ��m. Mitochondria in
MX1 cells consequently react to heat stress in depolarizing

of transmembrane potentials with temperature-dependant
extents.

Experimental

Cell cultivation

Human undifferentiated breast cancer cells of the species
MX1 (Deutsches Krebsforschungszentrum, Germany) were
employed as tissue model. Cells were maintained in RPMI
1640 medium supplemented with 20 mM HEPES buffer,
10% (v/v) heat inactivated fetal calf serum, 1% antibiotic-
antimycotic solution (100 U/mL penicillin, 100 µg/mL strep-
tomycin, 0.25 µg/mL amphotericin B (PAA Laboratories
GmbH, Germany) at 37◦C. Monolayer cultures were disso-
ciated with 0.05% trypsin-0.02% EDTA (PAA Laboratories
GmbH, Germany). All other culture medium components
and solutions were purchased from Biochrom KG seromed,
Germany. Experimental cells were grown in glass cham-
ber slides (Nunc GmbH & Co. KG, Germany) until sub-
confluent cell densities were achieved.

Heat stressing

Heat-stress treatments were performed in a temperature-
regulated water bath at the temperatures given with the results
(40◦C, 42◦C, 45◦C, 50◦C, or 56◦C) for 30 min each. Control
cells were not submitted to heat stress but were continuously
kept at 37◦C. Immediately after heat stressing cells were
submitted to subsequent experimental processing.

Mitochondrial fluorescence labeling

The mitochondrial membrane potential sensor JC-1 (5,5′,
6,6′-Tetrachloro-1,1′,3,3′-tetraethyl-imidacarbocyanine io-
dide; Molecular Probes, Invitrogen, Germany) was used to
label mitochondria in transmembrane potential dependant
manner. The JC-1 stock solution was prepared in anhydrous

Fig. 1 Absorption and
fluorescence spectra of JC-1
monomer and J-aggregate [25]
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dimethyl sulphoxide and diluted in supplemented culture
medium with an end concentration of 9.4µmolar. In physi-
ologically polarized cells JC-1 accumulates at mitochondria
as red fluorescent J-aggregates while in depolarized cells the
dye forms green fluorescent monomers. Spectral properties
of JC-1 are illustrated in Fig. 1 [25]. The labeling procedure
was applied following the heat treatments according to the
manufacturer’s recommendations [26].

Fluorescence microscopy

Mitochondrial fluorescences were imaged with a wide-field
epifluorescence microscope Axiovert 200 M (Carl Zeiss,
Germany) combined with a digital color camera AxioCam
MRc (Carl Zeiss, Germany). JC-1-labeled cells were imaged
with the red fluorescence channel (λexcitation: 546 ± 12 nm
band pass filter, λdetection: >590 nm long pass filter) and
the green fluorescence channel (λexcitation: 450–490 nm band
pass filter, λdetection: >515 nm long pass filter) each. Il-
lumination times required for optimal fluorescence im-
age acquisition were digitally measured by the AxioCam
MRc camera for every image with a variation range from
268 to 2354 ms.

Statistical evaluation

Ratios of the fluorescence amplitudes measured in the red
and the green channel were evaluated for every image frame
after correcting the amplitudes with the illumination times
applied in each case. The average value in every temperature
group was used for statistical assessments of red and green
fluorescence intensities.

Results

MX1 cells were labeled with the mitochondrial membrane
potential sensing marker JC-1 in order to monitor heat-stress
induced effects on ��m. The fluorescence micrographs in
Fig. 2 clearly show membrane potential correlated labeling
of mitochondria in MX1 cells. With increasing stress temper-
atures at 40◦C, 42◦C, 45◦C, 50◦C, or 56◦C the ��m depen-
dant orange-red and green fluorescence intensities in MX1
cells labeled with JC-1 were altered when compared with
control cells. The orange-red fluorescence of J-aggregates at
mitochondria with high ��m was imaged in both fluores-
cence channels while green fluorescence of monomeric JC-1
of course was only imaged in the green channel.

After the mitochondria in the control group and in the
40◦C, 42◦C, and 45◦C stress groups exhibited orange-red
fluorescence the signal color in the red channel was changed
in the 50◦C and 56◦C stress groups. Stress temperatures at

Fig. 2 Green (left) and red (right) fluorescence of heat-stressed MX1
cells after mitochondrial transmembrane potential dependant labeling
with JC-1 (Molecular Probes, Invitrogen Germany). Panel A shows
control cells incubated at 37◦C, panels B-F show heat-stressed cells
treated with the temperatures indicated at every panel for 30 min, each.
Illumination times employed for acquiring the images were: (panel A)
645 ms green, 268 ms red; (panel B) 580 ms green, 295 ms red; (panel
C) 711 ms green, 633 ms red; (panel D) 571 ms green, 656 ms red;
(panel E) 765 ms green, 1172 ms red; (panel F) 677 ms green, 2345 ms
red
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Fig. 3 Average ratios of
fluorescence amplitudes
measured in the red and the
green fluorescence channel.
Red/green ratios are indicating
changes of the quantitative
relation between orange-red
fluorescent J-aggregates in MX1
cells with high ��m and green
fluorescent JC1 monomers in
cells with low ��m. Standard
deviations are given as mean
square deviations

50◦C or 56◦C caused JC-1 to show deep red fluorescence
(Fig. 2).

A direct readout of fluorescence intensities imaged in both
channels for every object was not possible since acquisition
times used for making the images were digitally adjusted
with the purpose of optimal fluorescence imaging. There-
fore the ratio of fluorescence amplitudes measured in the
red and the green channel was evaluated (red/green ratio)
for every object or every image pair, respectively. Average
red/green ratios of the control group and the different heat-
stress groups were plotted against the temperatures cells were
treated with (Fig. 3). The red/green fluorescence ratios turned
out to decrease with increasing stress temperatures in a non-
linear manner, because orange-red fluorescence intensities
discontinuously decreased while green fluorescence intensi-
ties increased and consequently the red/green ratios declined.

The nonlinear interrelation between mitochondrial depo-
larization and stress temperature is presented by the expo-
nential function shown in Fig. 3. Whereas the red-to-green
fluorescence intensity ratios decayed rather rapidly in the
temperature range between 40◦C and 45◦C switching over
to a decelerated decay at higher temperatures following an
exponential curve progression

Generally these results indicated that the amount of red
fluorescent J-aggregates accumulating at mitochondria with
comparatively high membrane potentials decreased with in-
creasing stress temperatures opposite to the enhanced green
fluorescence of J-monomers in cells with more or less de-
polarized ��m. In the control group the red/green ratio was
approximately 1.7. Under mild heat stress conditions at 40◦C
or 42◦C the red/green ratios only slightly decreased com-
pared with control cells. The ratios in these groups were

approximately 1 or above 1 denoting that orange-red sig-
nal intensities of J-aggregates fluorescence were higher than
green fluorescence signal intensities. With higher stress tem-
peratures at 45◦C and 50◦C ratios drastically decreased with
values below 0.7, because as expected red fluorescence in-
tensities were weaker than green fluorescence intensities.
Exposing cells to 56◦C heat resulted in pan-cellular green
and red fluorescence distributions whereas the green sig-
nal intensities were much higher than red signal intensities
which only represented residual background fluorescence.
Therefore in the 56◦C stress group the average red/green
ratio again was drastically decreased when compared with
the 50◦C stress group to reach a value of approximately 0.2
showing that red fluorescence intensity was approximately
20% of the green fluorescence intensity measured in this
experimental group. The red signal intensity decrease re-
sulted from massive depolarization of ��m under exposure
to 56◦C heat accompanied by structural organelles destruc-
tion enhancing green fluorescence of JC-1 monomers inside
severely damaged MX1 cells.

The fluorescence intensity distributions inside cells im-
aged in the red and the green fluorescence channel were
derived as three-dimensional (3D) illustrations. Characteris-
tic examples of 3D fluorescence intensity profiles are shown
in Fig. 4. Here the fluorescence amplitudes were corrected
with the respective image acquisition times in order to com-
pare distributions of absolute signal intensities with each
other. Each 3D image is z scaled to the maximum of flu-
orescence intensity. The red fluorescence intensity maxima
(RFIM) were highest and nearly constant in the tempera-
ture range between 37◦C and 42◦C. From a stress tempera-
ture of 45◦C on RFIM drastically declined while the green
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Fig. 4 Green and red fluorescence distributions in heat-stressed MX1
cells after mitochondrial membrane potential dependant labeling with
JC-1 (Molecular Probes, Invitrogen Germany). The regions of interest
(left) were divided into red (bottom) and green (top) data fraction for
the green fluorescence channel (atop in every panel) and red fluores-

cence channel (at the bottom of every panel) each and illustrated as
3D fluorescence distributions. Panel A shows control cells incubated at
37◦C, panels B-F show heat-stressed cells treated with the temperatures
indicated at every panel for 30 min, each. Two cells are shown in every
panel

fluorescence intensity maxima (GFIM) exceeded RFIM.
This again indicated the increasing depolarization of mi-
tochondria in response to heat stress.

Discussion

The aim of the present study was to investigate mitochondrial
responses to heat stress in the temperature range between
40◦C and 56◦C (30 min each) in breast cancer cells species
MX1. As stress-sensitive indicator the mitochondrial trans-
membrane potential (��m) was analyzed by fluorescence
microscopy after mitochondria-selective staining with JC-1.
Several studies have documented ��m to be a parameter
sensitive to various kinds of environmental stress [24, 27–
29]. Since heat also represents an environmental stress factor
we were interested in the cellular ��m response to elevated
temperatures.

Hyperthermia has been proposed as a potential therapeutic
application in clinical cancer therapy [8]. The cellular mech-
anisms involved in heat-stress responses and their impact
on various subcellular structures so far have only been de-
scribed for selected model tissues. Funk et al. (1999) studied
heat-stress induced changes of mitochondrial morphologies
in astrocytes and MDCK cells by video-enhanced contrast
microscopy using a perfusion cell chamber system [18]. In
their study the morphological alterations inside mitochondria
exposed to appropriate heat stress conditions were revealed
to be reversible. Recovery of mitochondrial changes subse-

quent to heat treatment was also detected in microglial cells
[21]. Metabolic investigations on microglial cells revealed
dropping of the physiological ATP content by 60% 1 h af-
ter a 20 min heat shock at 45◦C. This indicated that heat
stress leads to scaling down of the energy resource ATP in
this cell type [22]. In heat-shocked rats failing of energy
metabolism and ATP depletion were detected as the earliest
cell-damaging factors of ischemic insult [30].

Several subcellular structures were already analyzed in
MX1 cells after heat stress. Here the F-actin cytoskeleton
was detected to be thermally more sensitive than the plasma
membrane since F-actin fibers exhibited morphological al-
terations under comparatively mild heat stress (40◦C and
42◦C) while plasma membranes were morphologically not
altered by these heat-stress conditions [31]. Only temper-
atures higher than 42◦C induced detectable morphological
changes in plasma membranes [31, 32]. These results did
not give any information about the functionalities of the in-
vestigated cell components. It was shown previously that
MX1 cell viability was not attenuated after heat stress at
40◦C or 42◦C. When exposed to 45◦C or higher temper-
atures cell viabilities were increasingly diminished. Com-
paring these results it should be concluded that reorganiza-
tion of F-actin cytoskeletons resulted from an active stress
response under heat stress at 40◦C or 42◦C which is sup-
posed to be compensated during recovery of heat-stressed
cells. It was also demonstrated earlier that MX1 cells un-
dergo necrosis during 30 min treatment at 56◦C but not at
50◦C or lower stress temperatures, because cells exposed
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to 50◦C did not exhibit necrotic phenotypes [32]. Therefore
complete depolarization of mitochondria in cells stressed at
56◦C was a consequent result of necrosis.Mitochondrial per-
meability transition in general is an early sign of the initiation
of cellular apoptosis or necrosis provoking a collapse in the
electrochemical gradient across mitochondrial membranes
[24, 33, 34].

Especially cellular responses to sublethal stress temper-
atures, as used for different therapeutic hyperthermia appli-
cations, are essential for the understanding of heat-induced
effects in tissues. Mild or severe heat stress are not unequiv-
ocally definable and depend on cell species, tissue origin,
cell cycle, developmental stages, as well as exposure times.
Possibly there exists a rough borderline between lethal and
sublethal heat stress [17].

As the central gateway of cellular energy metabolism mi-
tochondria present cardinal targets of heat stress and other
nonthermal stress factors [18–21]. Mitochondrial dysfunc-
tions lead to an important decrease in cellular ATP levels
and phosphorylation efficiencies [30].

Depolarization of mitochondria was detected in MX1 cells
after heat stress whereas a nonlinear interrelation between
mitochondrial depolarization dynamics and stress tempera-
tures was revealed. This response was reflected by an expo-
nential decay function describing the average ratios of flu-
orescence amplitudes measured for the membrane potential
indicator JC-1 in the red and the green fluorescence channel
(Fig. 3). The standard deviation, which is relatively large,
can be reduced by increasing the number of investigated
microscopical images.

It should be emphasized that only the red fluorescent J-
aggregates measure the ��m–dependant accumulation at
mitochondria and the green fluorescence depends on pas-
sive binding of JC-1 monomers to any cellular membrane.
Therefore it should be considered that the fluorescence inten-
sity ratios of red and green emissions relate to phenomena
occurring in different cellular regions. [35]. Since orange-
red fluorescence of aggregated JC-1 is strictly dependant
on high ��m the fluorescence intensity ratios measured in
this study do reflect the heat-stress induced depolarization of
mitochondria.

The nonlinear response of MX1 mitochondria to heat
stress corresponded well with our results obtained using
various microscopic techniques for investigating heat-stress
response of different subcellular structures in MX1 cells
[31]. In our previous studies also nonlinear responses of
metabolic activity, plasma membranes, and cytoskeletons in
heat-stressed MX1 cells were observed [31, 32].

Applications of heat as therapeutic agent are affected by
spatial and temporal variations of temperature distributions
inside a target tissue and surrounding structures [16]. It is also
possible that different subcellular components in a certain
cell species may exhibit various heat sensitivities. Conse-

quently thermal destruction inducing therapies generally de-
mand for highly thorough as well as individual intervention
protocols concerning the volume and location of diseased
tissue, blood supply, application and control techniques, and
the patient’s physical condition.

Conclusions

Our investigations on mitochondrial depolarization in JC-1-
labeled MX1 breast cancer cells revealed minor reductions
of mitochondrial transmembrane potentials after heat stress
in a temperature range between 40◦C and 45◦C compared
with control cells. When more severe heat-stress conditions
were applied at 50◦C or 56◦C mitochondria were completely
depolarized shown by the intensive decrease in orange flu-
orescence intensities shifting to weak red fluorescence. Or-
ange fluorescence was emitted by J-aggregates accumulated
at mitochondria with comparatively high transmembrane po-
tentials. In cells containing depolarized mitochondria JC-1
formed green fluorescent monomers. Heat-induced depolar-
ization of mitochondria was monitored by the average ra-
tios evaluated for the fluorescence amplitudes measured for
mitochondrial membrane potentials (red:green ratios). The
red:green ratios measured in the red and the green fluo-
rescence channel for every stress temperature tested in this
study is reflected by an exponential decay function (Fig. 3).
This finding is different from the spontaneous depolariza-
tion as observed in myocytes after application of FCCP (4-
(trifluoromethoxy) phenylhydrazone) [36].
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