
Abstract. Background: The effects of hyperthermia and
irradiation, alone and in combination, on natural killer (NK)
cell viability were investigated in vitro. The roles of
interleukin-2 (IL-2) and interferon (IFN) α, β and γ in
rescuing NK cells from hyperthermia and irradiation were
studied. Materials and Methods: Non-selected NK cells were
used as effector cells and K-562 cells as target cells. NK and
K-562 cells were treated at 37 to 45˚C for 0 to 180 min. The
cells were irradiated at room temperature using single doses
from 0 to 60 Gy. Recombinant IL-2 at 100 to 450 U/ml and
recombinant IFNα, β and γ at 1,000 U/ml were used for
different periods of time. NK cell viability was measured by
intracellular adenosine tri-, and diphosphate (ATP, ADP)
levels via luminometer, trypan blue exclusion and propidium
iodide (PI) staining. Binding capacity of NK effector cells to
target K-562 cells was also microscopically assessed.
Results: Thermal treatments between 37 and 41˚C did not
significantly affect the ATP levels of NK cells. Between 41˚C
and 42˚C, ATP levels significantly decreased, whilst there
was an insignificant reduction up to 45˚C. At 42˚C or higher,
no recovery was detectable. At 42˚C, the ATP level of NK
cells rescued by IL-2 were significantly higher than those of
controls at 37˚C. IFNα, β and γ had no significant effects.
A combination of heating at 42˚C and irradiation at 20 Gy
significantly reduced the ATP levels (p<0.001) more than
heating and irradiation alone. At 42˚C, IL-2 abolished the
reduction of ATP levels by heating and irradiation. This
effect was dependent on heating time and irradiation dose.
The ATP/ADP ratio did not significantly change when NK

cells were heated for different times at 42˚C. Thermal
treatment of target K-562 cells at temperatures from 37 to
45˚C reduced the number of NK cells binding K-652 cells.
Conclusion: In vitro, NK cell viability was strongly reduced
between 41˚C and 42˚C. At 42˚C, the combination of
irradiation and thermal treatment reduced the ATP levels in
NK cells. However, IL-2 restored cell viability depending on
thermal and radiation doses.

Natural killer (NK) cells belong to the family of innate
lymphoid cells. They are important effector cells (1), with
germline-encoded transmembrane pattern recognition
receptors for pathogens and damaged self-components (2).
They can recognize cells with altered or lack of self-
structures, such as major histocompatibility complex (MHC)
class I molecules; these cells include cancerous, microbially
infected, chemically or physically altered and injured cells.
NK cells can directly kill them or induce their apoptosis (3,
4). NK cells can also eradicate tumour cells. Thus, they are
important in tumour immunosurveillance (1, 5) and are used
to treat cancer (1, 6).

Currently, cancer is treated using therapies such as
surgery, radiation, chemotherapy, hormonal treatment,
targeted therapy, immunological therapies, hyperthermia and
hypothermia. These treatment modalities are often combined
with each other (7, 8). They affect activation and inhibition
of NK cells and cytotoxicity against tumour cells in various
manners (9, 10). 

As a clinical treatment, hyperthermia has been used alone
(11, 12), and in combination with radiotherapy (13, 14).
Hyperthermia is defined in different ways. According to the
Kadota Fund International Forum in 2004, it is a modest
elevation of temperature in the range of 39-45˚C. Higher
temperatures are considered thermal ablation (7, 15). Fever-
range temperatures are defined as 38.3˚C or more and high
fever as that at 39.5˚C or more (16, 17). Thermal ablation
occurs at temperatures from 48 to 60˚C (18). 

Hyperthermia in the range of 40 to 47˚C has numerous
effects on living cells in temperature-, time- and dose-
dependent manners (19). It can cause many macromolecular
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changes, including unfolding of proteins and protein
aggregation. Proteins within the nucleus are critical for
normal transcription, replication, and repair of
deoxyribonucleic acid (DNA). DNA damage is not primarily
due to direct heat-induced DNA alterations but is secondary
to the effects of heat on proteins involved in DNA
replication, chromosome segregation, and DNA repair. These
events can lead to cell death either by hyperthermia-induced
apoptosis or by a mitotic catastrophe secondary to alterations
in DNA-supporting proteins. Most cell lines die though a
combination of these death processes (19).

In vivo, NK cell cytotoxicity and their recruitment to
tumour sites are increased by fever-range hyperthermia (20,
21), whereas in vitro, they are reduced in a heating-time- and
temperature-dependent manner (22-24). 

In the 1980s, Jonsson and colleagues studied the effects
of hyperthermia on the adenosine triphosphate (ATP) pool in
human mononuclear leucocytes. They showed that the ATP
pool was reduced by moderate hyperthermia (42.5˚C for 45
min) (25), whereas another group did not observe any effects
(26). In studies of hyperthermic heart failure, ATP
degradation by mitochondria and reduced ATP production
and hydrolysis were observed at high temperatures (43.5˚C)
(27). In addition, Eguchi et al. demonstrated that the
intracellular ATP level is a determinant of the incidence of
cell death, either by apoptosis or necrosis (28).

Previously, we reported the effects of hyperthermia and
irradiation on cytotoxicity of NK cells (29). In the present
study, we explored the effects of hyperthermic temperatures
on NK cell viability as measured by ATP level. Furthermore,
we studied the combined effects of hyperthermia and
irradiation on the intracellular ATP content of NK cells. We
also investigated the ability of interleukin-2 (IL-2) and
interferons (IFN) to abolish changes induced by
hyperthermia alone and hyperthermia combined with
irradiation.

Materials and Methods

NK cell enrichment. For NK cell enrichment, we used buffy coat
samples obtained from the Finnish Red Cross Transfusion
Laboratory, with permission of the Ethical Committee of the Finnish
Red Cross Blood Service (customer number 6129, approval number
331/2013, tutkijaluvat@veripalvelu.fi) in accordance with Finnish
law.

We isolated non-selected NK cells by the method previously
described by Hietanen et al. [method II; (30)]. Briefly, peripheral
blood mononuclear cells were isolated by a Ficoll-Paque gradient,
plastic and nylon wool adherence and a discontinuous Percoll
gradient. The yield, purity, viability, cytotoxicity and radiation
sensitivity of the enriched NK cell populations were described in a
previous report (30).

Target cells and culture conditions. Cells of the erythroleukaemia
cell line K-562 (LGC Standards GmbH, Wesel, Germany) (31) were

used as the target cells. Mycoplasma tests were performed at the
time of experiments. The cells were grown in RPMI 1640 medium
(Orion Diagnostica, Espoo, Finland) with 10% temperature-
inactivated foetal calf serum (Flow Laboratories, Irvine, Scotland,
UK), 0.3 g/l L(+)-glutamine (Fluka, Buchs, Switzerland) and 20
mg/ml gentamicin (Flow Laboratories).

Thermal treatment. The thermal treatment of effector NK and target
K-562 cells was described previously in detail (29). In brief, cells
were suspended in 1 ml of medium and incubated at different
temperatures in a water bath or an incubator in a humidified
atmosphere of 5% CO2. The temperatures used ranged from 37 to
45˚C, and heating periods were typically from 0 to 180 min. In
recovery experiments, the cells were incubated at 37˚C for 0 to 72
h after heating.

Irradiation. The enriched NK cell populations were gamma-
irradiated as described previously (32). In brief, we used a 137Cs
device (GAMMACELL 2000, Mølsgaard, Denmark) at a dose rate
of 4.1 Gy/min at room temperature (20˚C). The NK cells were
irradiated at single doses ranging from 0 to 60 Gy.

IL-2 and IFN treatment. We used recombinant IL-2 (Jansen
Biochimica, Beerse, Belgium), recombinant IFN-α2b (Schering-
Plough, Kenilworth, NJ, USA), recombinant IFN-β (Kyova Hakko
Kogyo Co., Ltd., Tokyo, Japan), and recombinant IFN-γ
(Genentech, San Francisco, CA, USA) as reported previously (32).
In brief, NK cells were incubated at 37˚C with IL-2 at a
concentration of 100 or 450 U/ml, and incubation times were from
72 h to 120 h. Incubation time for IFNα, -β and -γ was 72 h at
concentrations of 1,000 U/ml.

Controls were treated in the same way without cytokines.

ATP and adenosine diphosphate (ADP). The ATP and ADP
measurements were performed as described previously (32). In
brief, ATP and ADP contents of heated NK cells irradiated or not,
with or without treatment with IL-2 or IFNs were measured by
commercial kits from LKB Wallac (Turku, Finland) according to the
manufacturer´s instructions and using an LKB Wallac 1251
luminometer. ATP/ADP measurements were performed immediately
after thermal treatment or irradiation at room temperature and up to
72 h after the thermal treatment in recovery studies. The ATP and
ADP contents of NK cells were expressed as a percentage of the
controls at 37˚C.

Trypan blue exclusion and propidium iodide (PI) methods for
viability assessment. We also measured the viability of thermal-
treated/irradiated NK cells using trypan blue exclusion, propidium
iodide (Sigma Chemical Co., St Louis, MO, USA) and flow
cytometric methods as described previously (33). 

Conjugate assay. The binding capacity of effector NK cells to target
K-562 cells was measured by a conjugate assay (34). After
hyperthermic treatments, 1×105 heated or unheated NK cells were
mixed with 1×105 heated or unheated K-562 cells in 1 ml of medium
for 10 min at 37˚C. The suspension was centrifuged for 5 min at a
speed of 130 × g, gently resuspended, and 0.2 ml of the reconstituted
suspension was cytocentrifuged and stained with Giemsa stain. At
least 200 NK cells were counted and the percentage of NK cells
binding to K-562 (rosettes) cells was calculated.
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Data presentation and statistical analyses. The results of the ATP
assays were expressed as a percentage of untreated, i.e.
unheated/non-irradiated or lacking IL-2 or IFN treatment, control

NK cells at 37˚C. Every value represents the mean of several
independent tests from different donors and data are presented as
the mean±standard deviation (S.D.). We used SPSS 15.0 software
(SPSS Inc., Chicago, IL, USA) for data analysis. For normally
distributed data, we used analysis of variance (ANOVA) with
Bonferroni correction to test significance of differences between the
effects of the different temperatures and heating times with and
without IL-2 and irradiation. For analyses of non-normally
distributed data, the Kruskal–Wallis test and the Mann–Whitney U-
test were applied. A p-value of 0.05 or less (two-sided) was
considered significant. 

Results

Firstly, we compared the suitability of three different
methods to assess the effects of heat on NK cell viability. We
used intracellular ATP content, the trypan blue method and
propidium iodide staining. We heated NK cells at 45˚C for
0 to 180 min (Figure 1). The results from different methods
did not differ significantly (p=0.121). The selected methods
equally well reflect the effects of heat on NK cell viability.
The ATP method was the most convenient to perform, and it
was selected for further experiments. In addition, ATP
reflects the energy level of NK cells.

Effect of temperature and heating time on intracellular ATP
content of NK cells. We studied the effects of different
temperatures ranging from 37 to 45˚C on the intracellular
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Figure 1. The suitability of adenosine triphosphate (ATP), trypan blue
exclusion (Trypan) and propidium iodide (PI) in measuring the damage
to natural killer (NK) cells by heat. NK cells were heated for 0, 30, 60,
120 and 180 min at 45˚C, and viability was measured by these methods.
The error bars represent the standard deviation of the experiments
(n=3-7). There were no statistically significant differences between the
effects of these substances (p=0.121).

Figure 3. The effects of different heating times on adenosine
triphosphate (ATP) content of natural killer (NK) cells at 41˚C, 42˚C
and 45˚C. NK cells were heated for 30, 60, 90, 120 and 180 min, and
ATP was measured. The error bars represent the standard deviation of
the experiments (n=2-38). A significantly greater reduction of ATP was
visible at 42˚C than at 41˚C (p=0.048).

Figure 2. Adenosine triphosphate (ATP) content of natural killer (NK)
cells at different temperatures. The NK cells were incubated for 180 min
at temperatures from 37 to 45˚C. The error bars represent the standard
deviation of the experiments (n=4-38). A significant reduction in ATP
level was observed between 41 and 42˚C (p=0.020).



ATP content of NK cells, initially with a 180-min heating
time (Figure 2). At temperatures from 37 to 41˚C, no change
was observed. A dramatic and significant decrease in ATP
level was observed between 41 and 42˚C (p=0.020),
followed by an insignificant reduction up to 45˚C.

In the subsequent experiments, the effects of heating times
from 0 to 180 min at 41, 42 and 45˚C on the ATP level of
NK cells were examined (Figure 3). At 41˚C, no differences
in ATP level between 41˚C and the 37˚C control were
observed at various heating times. A temperature of 42˚C
caused significantly (p=0.048) greater reduction of ATP than
at 41˚C. The effects of 42˚C and 45˚C were practically
identical (p>0.999).

The effects of thermal treatment on ATP/ADP metabolism of
NK cells. To explore how heating affects ATP/ADP
metabolism, we incubated NK cells at 42˚C for 0, 30, 60 and
120 min. The ATP and ADP contents of the NK cells were
measured. Both ATP and ADP levels decreased with
increasing heating times. However, the decreases in ATP and
ADP contents were not significant (p=0.601 and 0.831,
respectively). The ATP/ADP ratio did not change
significantly (p=0.714) at any of the time points examined.
These results indicate that ATP production by the NK cells
decreased only insignificantly at 42˚C for incubation times
from 0 to 120 min in the time range used.

Attachment of NK cells to target K-562 cells under different
thermal conditions. To determine the effect of thermal
treatment on attachment of effector NK cells to target K-562
cells, we heated NK cells and K-562 cells at temperatures
from 37 to 45˚C for 180 min. Heated and non-heated NK
and K-562 cells were combined and the attachment of K-562
cells with effector NK cells (rosettes) was calculated, and the
results are expressed as a percentage of the corresponding
non-heated control K-562 cells (Figure 4).

The percentages of rosettes of all combinations differed
significantly from each other (p<0.001). The number of
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Figure 4. Effects of thermal treatment on the ability of effector natural
killer (NK) cells to attach to non-heated and heated target K-563 
(H-K-563) cells. Combinations of non-heated NK cells or heated-NK
cells (H-NK) with non-heated K-562 cells or H-K-562 cells were
assessed using temperatures ranging from 37 to 45˚C for a heating time
of 180 min. The error bars represent the standard deviation of the
experiments (n=2-9).

Figure 5. Recovery of adenosine triphosphate (ATP) content of natural
killer (NK) cells from heating at 42˚C (A) and 45˚C (B) for 0, 30, 60,
90, 120 and 180 min. The recovery time ranged from 0 to 72 h at 37˚C.
The error bars represent the standard deviation of the experiments
(n=2-6).
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Figure 6. The effects of interleukin-2 (IL-2), interferon (IFN)α, -β and
-γ on adenosine triphosphate (ATP) levels of heated NK cells. The cells
were treated for 2 h at 42˚C and then incubated at 37˚C for 72 h with
450 U/ml IL-2 or 1,000 U/ml IFNα, -β or -γ. The ATP level was then
measured. The results of a representative experiment are presented.

Figure 8. The effect of interleukin-2 (IL-2) on adenosine triphosphate
(ATP) levels of heated and irradiated natural killer (NK) cells. The ATP
content of the NK cells was measured after: thermal treatment alone for
different durations at 42˚C; the same thermal treatment followed by
irradiation at 20 Gy; 100 U/ml IL-2 before heating then irradiation;
and heating followed by irradiation then IL-2. The error bars represent
the standard deviation of the experiments (n=4). IL-2 applied before
heat followed by irradiation reduced significantly more ATP damages
than applied after heating and then irradiation (p<0.001).

Figure 9. Adenosine triphosphate (ATP) content of natural killer (NK)
cells after different doses of irradiation alone, irradiation preceded by
heating at 42˚C for 60 min, and 100 U/ml IL-2 for 120 h before heating
and irradiation. The error bars represent the standard deviation of the
experiments (n=4). IL-2 significantly reduced the damage to ATP level
caused by heating followed by irradiation (p<0.001).

Figure 7. The effects of combinations of heating at 42˚C for time periods
of 0-180 min and irradiation at 20 Gy on adenosine triphosphate (ATP)
level of natural killer (NK) cells. The following combinations were used:
heat alone, thermal treatment first and then irradiation, and irradiation
first and then heating. The error bars represent the standard deviation
of the experiments (n=4-7). The combination of irradiation and then
heating reduced the ATP level significantly more than heating followed
by irradiation (p<0.001).



rosettes of the combination of non-heated NK cells with
heated K-562 cells decreased linearly with increasing
temperatures. Thus, heating target K-562 cells did not make
them more attractive to effector NK cells. The combinations
of heated NK cells with non-heated and heated K-562 cells
demonstrated a substantial decrease in cell attachment
between 41 and 43˚C. Heating both effector and target cells
reduced the percentage of rosettes most effectively.

Recovery of ATP pool of heated NK cells. NK cells were
incubated at 42 and 45˚C for different times from 0 to 180
min and further incubated at 37˚C for 0 to 72 h (Figure 5A
and B). No recovery of ATP content in the NK cells was
observed. The intracellular ATP content decreased as a
function of heating temperature and time as well as recovery
time.

The effects of IL-2 and IFN α, β and γ on recovery of ATP
content of thermally treated NK cells. The NK cells
demonstrated no recovery from thermal treatments at 42˚C
or higher temperatures. To restore the ATP level, we first
heated the NK cells at temperatures ranging from 40 to 45˚C
for 0 to 3 h. We then incubated the cells at 37˚C with 450
U/ml IL-2 or 1,000 U/ml IFNα, -β or -γ for 72 h. The results
of a representative study at 42˚C for 2 h heating time are
presented in Figure 6. IL-2 elevated the ATP level by
approximately 200% of that of controls at 37˚C. IFNγ had a
slight effect, whereas IFNα and -β together with
hyperthermia reduced the ATP level.

The effects of hyperthermia and irradiation on ATP level of
NK cells. In the subsequent experiments, the effects of
different heating times in combination with fixed-dose
irradiation were explored. The NK cells were treated in three
different ways. They were heated at 42˚C for 0 to 180 min
or first heated as described and then irradiated with 20 Gy,
or first irradiated and then heated. The ATP content of NK
cells was measured and expressed as a percentage that of the
controls (Figure 7).

The ATP values of NK cells treated by these three
modalities differed significantly from each other (p<0.001).
Heating alone was less damaging to the ATP content of the
NK cells than the combination treatment. The combination
of irradiation then heating reduced the ATP levels more than
heating followed by irradiation (p<0.001).

Role of IL-2 in restoring the ATP content of thermal-treated
and irradiated NK cells. We previously demonstrated that
IL-2 can restore NK cell cytotoxicity damaged by irradiation
(32). In this study, we showed that IL-2 also elevated the
ATP level of heated NK cells. We investigated whether IL-2
could also restore the ATP level of NK cells treated with
combinations of heat and irradiation. The NK cells were

exposed to four different conditions in order to observe the
effects of heat only, heat then irradiation, IL-2 before heat
followed by irradiation, and IL-2 after heat followed by
irradiation at 42˚C. 

Heating at 42˚C ranged from 0 to 180 min, the IL-2
concentration was 100 U/ml and the incubation time 120 h,
and the irradiation dose was 20 Gy (Figure 8). The ATP
levels in NK cells of all combinations were significantly
different from each other (p<0.001). IL-2 pretreatment
abolished the damaging effects of heating and irradiation.
However, when IL-2 was applied after the combination of
heating and irradiation, the ATP level was significantly lower
than those of all other variations.

To further investigate the recovery of ATP level after the
combination of irradiation and heat, we added IL-2 before
exposure to the combination, and there was a time interval
from 0 to 6 h between irradiation and heating. No additional
effect was observed. The results were similar when the NK
cells were irradiated first with time intervals from 0 to 6 h
before IL-2 incubation.

Effects of hyperthermia and different irradiation doses on the
ATP content of NK cells. To determine the effect of
irradiation on ATP levels of NK cells treated with a
combination of IL-2, heating and irradiation, we performed
the following experiments:  Irradiation with doses from 0 to
60 Gy alone; thermal treatment at 42˚C for 60 min followed
by irradiation; incubation with IL-2 100 U/ml for 120 h
followed by heating and irradiation (Figure 9). The effects
of these treatments on the ATP level were significantly
different from each other (p<0.001). Irradiation alone was
less damaging to the ATP level than thermal treatment and
irradiation (p<0.001). IL-2 significantly reduced (p<0.001)
the decrease of ATP caused by the combination of heating
and irradiation depending on the irradiation dose. This effect
was observed even at a dose of 60 Gy.

Discussion

In an earlier study, we investigated the effects of
hyperthermia and irradiation on NK cell cytotoxicity (29). In
this study, we concentrated on the intracellular ATP content
of NK cells treated by hyperthermia and irradiation. ATP is
the major source of energy in living cells (35-37) and the
ATP level is a determinant of manifestation of cell death.
The ATP pool of a cell directs the death signalling pathways
to activation of apoptotic signal transduction or induction of
necrotic cell death. Both types of cell death can be observed
at the same time (28).

We found that the ATP level of the NK cells was stable
from 37 to 41˚C and then dropped dramatically at 42˚C. This
is in accordance with findings of Power et al. (27) and
Jonsson et al. (38)
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In our study, no significant recovery of ATP level was
detected with any temperature–heating time combination
when heating from 42 to 45˚C, followed by recovery at 37˚C
for up to 72 h. Our results confirmed the findings of Jonsson
et al. (38) and Kjellen et al. (39). They previously
demonstrated that non-recovery is related to the nicotinamide
adenine dinucleotide (NAD+) pool.

The ATP/ADP ratio reflects ATP production and
consumption. Both ATP and ADP pools decreased at 42˚C
during the heating times used. However, the ATP/ADP ratio
decreased only insignificantly and remained stable. These
findings indicate that ATP production was affected and not
consumption. The same phenomenon was reported by
Jonsson et al. (38).

Thermal treatments of target cancer cells at high
temperatures may destroy their cell membranes or alter
membranous structures, thus releasing antigenic structures.
This may increase the antigenic structures of target cells and
make them more 'attractive', leading to an increased number
of attached NK cells. We heated the target K-562 cells at
temperatures ranging from 37˚C to 45˚C and then incubated
the target cells with the NK cells at 37˚C. In this setting, a
decrease in the number of attached cells was detected. Thus,
increasing temperature did not augment the antigenicity of
the target K-562 cells to effector NK cells.

Effects of thermal treatment on tumor antigenicity and
recognition by immune effector cells are complex and
dependent on several factors, including the thermal dose, the
thermosensitivity of tumor cell type and the model system
used, as reviewed by Milani and Noessner (40). The
activation or inhibition of NK cells is a balancing act of
several signals including loss of MHC class I by tumor cells
and expression of ligands for activating receptors expressed
by NK cells such is MHC class I polypeptide-related
sequence A/B (MICA/B) and heat-shock proteins. Heat-
shock effects on NK-mediated lysis are independent of MHC
class I peptide complexes. The results published to date are
conflicting (40).

We initially applied three different methods to measure
death of heated and irradiated NK cells: ATP measurements,
trypan blue exclusion and propidium iodide staining. They
all reflect different aspects of cell death. Trypan blue
exclusion and propidium iodide methods are based on the
principle that living cells possess intact cell membranes that
exclude certain dyes, such as trypan blue (41) and propidium
iodide (42). We detected no significant differences among
the methods used. ATP was selected for this study because it
was easy to use, reliable and reproducible. 

The ATP level of the NK cells did not recover from
hyperthermic treatments. Therefore, we used IL-2 and IFNα,
-β and -γ to enhance the ATP recovery. At 42˚C, IL-2
increased the ATP level of the NK cells significantly over
that of controls at 37˚C. IFNγ showed some activity, whereas

IFNα and -β reduced the ATP level. According to the
literature, these are novel findings.

Hyperthermia and radiation have been combined in cancer
treatment for decades (13, 15, 43). The underlying rationale
is that radiation resistance of tumour cells is related to the
capacity of cells to repair sublethal DNA radiation damage,
and hyperthermia inhibits the function of proteins involved
in DNA replication. Thus, hyperthermic treatment after
irradiation results in higher inhibition of DNA repair than if
it is administered before radiation (44, 45). Therefore, we
studied the effects of exposure to 42˚C for 0 to 180 min and
the combined effects of radiation and hyperthermia, as well
as hyperthermia and radiation and hyperthermia alone on the
ATP level of NK cells. The combination that reduced the
ATP content most was that of radiation administered first and
then hyperthermic treatment. The next most effective
combination was hyperthermia administered first and then
irradiation, while the least damaging treatment was
hyperthermia alone. Our results are consistent with results of
Raaphorst previous publications (45). Our experiments also
confirmed the results of Jonsson et al. (38) and Kjellén et al.
(39) on mononuclear leucocytes. They demonstrated that
hyperthermia alone reduces the ATP pool and DNA repair.
The biosynthesis of ATP and NAD+ are coupled to each
other via mitochondria. Hyperthermia damages the function
of mitochondria. Thus, NAD+ cannot be regenerated even
after mild hyperthermia at 42.5˚C. However, NAD+ pools
can be regenerated after irradiation. The researchers
hypothesised that hyperthermia radiosensitises cells because
it prevents normal cellular regeneration of NAD+, which, in
turn, limits adenosine diphosphoribosyl transferase via co-
substrate limitations. Thus, normal repair of DNA is
impaired, resulting in increased cytotoxicity (38, 39).

In vivo, the combination of radiotherapy and hyperthermia
has been applied for decades (46). For whole-body
hyperthermic therapy, temperatures from 38 to 42˚C are used,
and 40 to 45˚C temperatures are used for locoregional
treatments. The heating times vary from 120 to 720 min,
including times necessary to reach the steady state (47). The
usual daily radiation dose of 2 Gy does not alone affect the
ATP content of NK cells. Based on the results of this study, we
concluded that these treatments combined significantly reduced
the ATP content of the NK cells. However, in vitro and in vivo
cytokines such as IL-2 can restore the ATP pool, particularly
after the combination of hyperthermia and irradiation. Thus,
the intracellular ATP content of NK cells is not a limiting factor
for hyperthermic treatment with or without irradiation.
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