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I. L. JACKSON*, I. BATINIC-HABERLE, P. SONVEAUX,

M. W. DEWHIRST, & Z. VUJASKOVIC

Department of Radiation Oncology, Duke University Medical Center, Durham, NC, USA

(Received 4 November 2005; in final form 23 January 2006)

Abstract
Purpose: It has been well established that inadequate blood supply combined with high metabolic
rates of oxygen consumption results in areas of low oxygen tension (<1%) within malignant tumours
and that elevating tumour temperatures above 39�C results in significant improvement in tumour
oxygenation. Macrophages play a dual role in tumour initiation and progression having both
pro-tumour and anti-tumour effects. However, the response of macrophages to heat within a hypoxic
environment has not yet been clearly defined.
Methods: Raw 264.7 murine macrophages were incubated under normoxia and chronic hypoxia
at temperatures ranging from 37–43�C. Under normoxia at 41�C, macrophages start to release
significant levels of superoxide. The combination of heat with hypoxia constitutes an additional
stimulus leading to increased respiratory burst of macrophages.
Results: The high levels of superoxide were found to be associated with changes in macrophage
production of pro-angiogenic cytokines. While hypoxia alone (37�C) increased levels of hypoxia
inducible factor-1� (HIF-1�) in macrophages, the combination of hypoxia and mild hyperthermia
(39–41�C) induced a strong reduction in HIF-1� expression. The HIF-regulated vascular endothelial
growth factor (VEGF) decreased simultaneously, revealing that heat inhibits both HIF-1� stabilization
and transcriptional activity.
Conclusion: The data suggest that temperatures which are readily achievable in the clinic (39–41�C)
might be optimal for maximizing hyperthermic response. At higher temperatures, these effects are
reversed, thereby limiting the therapeutic benefits of more severe hyperthermic exposure.
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Introduction

One of the major limitations to the success of radiation and chemotherapy is the intrinsic

resistance of hypoxic cells to oxidative damage. The generation of reactive oxygen species

*Winner of the ‘‘New Investigator Award’’, presented at the Society of Thermal Medicine Annual Meeting, Bethesda, Maryland,

April 2006

Correspondence: Zeljko Vujaskovic, MD, PhD, Box #3455 MSRB, Duke University Medical Center, Durham, NC 27710, USA.

Tel: (919) 681-1675. Fax: (919) 681-2651. E-mail: vujas@radonc.duke.edu

ISSN 0265–6736 print/ISSN 1464–5157 online � 2006 Taylor & Francis

DOI: 10.1080/02656730600594027



(ROS) is the primary mechanism by which radiation therapy and some chemotherapeutic

drugs achieve cancer control and cure. However, the efficiency of these conventional

treatments is limited by low oxygen tension and poor perfusion. Previous observations have

shown that mild hyperthermia (39–43�C) over 60min can facilitate tumour reoxygenation in

rodent and canine tumours [1–5]. More importantly, human clinical trials have shown

increased oxygenation following hyperthermia in breast cancers [6], soft tissue sarcomas [7]

and rectal and neck cancers [8]. Although it has been clearly shown that hyperthermia

improves tumour response to radiation and chemotherapy, the precise mechanisms

underlying heat mediated tumour reoxygenation have not been clearly defined. The effects

of hypoxic environments have been predominantly studied in tumour cells. However,

in addition to malignant cells, neoplasms are largely composed of tumour associated

macrophages (TAM) [9].

Within the tumour micro-environment, macrophages play a pivotal role in production of

ROS through hypoxia-induced activation of the respiratory burst, which at moderate levels

regulate signal transduction pathways [10, 11]. ROS release by macrophages stimulates

these cells to have both pro-tumour and anti-tumour effects that include angiogenesis,

neoplastic cell mitogenesis, antigen presentation, matrix degradation and cytotoxicity

[9, 12–16].

In addition to being producers of oxidative stress within neoplasms, macrophages play

a predominate role in tumour angiogenesis [17, 18]. In tumours, angiogenesis is an aberrant

wound healing response orchestrated in part by macrophage production of VEGF in which

newly formed vessels are generally immature and non-functional resulting in uneven red

blood cell distribution, a decrease in oxygen bioavailability and treatment resistance

[9, 13, 19, 20]. Transcriptional regulation of VEGF is controlled primarily by HIF-1�
stabilization and binding to the hypoxia responsive element in the VEGF promoter [18, 21].

Although HIF-1� is present under normoxic conditions, stabilization is inhibited by von

Hippel-Lindau (VHL)-dependent proteasomal degradation [22]. Prolyl hydroxylases use

oxygen to hydroxylate key residues on the HIF-1� protein, which permit binding of the

HIF-1� protein to VHL. Under hypoxic conditions, the HIF prolyl hydroxylase cannot

perform the hydroxylation, which prevents HIF degradation. Under these conditions,

HIF-1� binds to its heterodimer, HIF-1�. Once heterodimerization occurs, the complex can

bind to the hypoxia response element of the promoter region of VEGF and transcription

proceeds [22]. Histological analysis of human tumours [20, 23] has shown elevated levels

of macrophages associated with hypoxic and perinecrotic regions which correlate with high

micro-vessel density and prominent VEGF expression [24, 25].

Although the effects of radiation on macrophage function have been reported previously,

the impact of heat on macrophage activation and angiogenesis regulation in response

to hypoxia has not been investigated. Herein, the degree to which macrophages were

stimulated by hypoxia to undergo oxidative burst was analysed first. The extent of oxidative

burst was detected by measuring superoxide production. Then, it was evaluated whether 1 h

of hyperthermia in the clinically achievable range of 39–43�C could condition macrophages

to alter production of O�
2 and O�

2 -mediated pro-angiogenic factors, HIF-1� and VEGF.

Materials and methods

Cell culture

Raw 264.7 murine macrophages were obtained from the American Type Culture Collection

(Manassas, VA) and were cultured in Dulbecco’s Modified Eagles Medium (DMEM)
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supplemented with 10% foetal bovine serum (FBS) and 1% penicillin/streptomycin in

a 0.5% CO2 atmosphere at 37�C.

Normoxia and heat

Macrophages were seeded at 1� 106 cells/T25 flask 2 h prior to treatment. Cell media

was removed and cells were washed twice with PBS. Cells were then incubated for 80min

in 2mL of phenol red-free Hanks Balanced Salt Solution (HBSS) containing 31.4 mL of

equine ferricytocrome c (cyt c, Sigma, St. Louis, MO) with or without 250 mg unopsonized

Zymosan A (Sigma, St. Louis, MO). Cells were then placed in a circulating water bath

at 37�C for 20min. Then, the water bath was heated to target temperature (37, 39, 41 or

43�C). Cells remained under hyperthermic conditions for 1 h. Cyt c reduction was measured

in 100 mL aliquots of culture media sampled before and after treatment.

Hypoxia and heat

To determine whether macrophages were activated to produce O�
2 under hypoxic

conditions, 1� 106 cells were plated in 100-mm diameter plates and incubated overnight

with 1mgmL�1 lipopolysaccharide (LPS, Sigma, St. Louis, MO). Cells were then incubated

for 1 h in 2ml of HBSS containing 31.4 mL cyt c under either 0.5% O2 (chronic hypoxia)

or repeated 10-min cycles from 0.5% O2 to 20% O2 (to simulate intermittent hypoxia)

in a hypoxia chamber. The temperature of the hypoxia chamber was preset to 37, 39, 41 or

43�C. Immediately following treatment, cell media were collected and O�
2 production was

determined using the cyt c assay.

Superoxide assay

Superoxide release by macrophages was determined using the ferricytochrome c method

by McCord and Fridovich [26]. For the determination of O�
2 levels, cells were incubated

in a 2mL phenol red free HBSS with 31.4 mLmL�1 of a 1mm stock solution of equine

ferricytochrome c (#7752 Sigma-Aldrich, St. Louis, MO). Briefly, cyt c reduction by O�
2

induces an increase in the absorbance at 550 nm which is measured from 100 mL aliquots

before and after treatment. The change in cyt c absorbance upon reduction by O�
2 at 550 nm

("550¼ 21 000m�1 cm�1) was used to calculate the levels of O�
2 [27]. All experiments were

run in triplicate.

Determination of HIF-1� levels

Twenty-two millimetre square glass cover slips ( VWR, West Chester, PA) were placed

on the bottom of 35mm dishes in which 2.5� 106 macrophages were plated overnight in the

presence of 1mgmL�1 LPS. Twenty-four hours later, cells were exposed to normoxia

or chronic hypoxia as described above. Following treatment, cell media was disregarded

and cells were washed twice in phosphate buffer saline (PBS). Cells were fixed in 1mL of

4% paraformaldehyde for 30min and stored in PBS at 4�C. Within 24 h of fixation, cells

were blocked with 1% bovine serum albumin (BSA) in PBS for 30min at 37�C, followed

by 1 h incubation in a primary anti-HIF-1� rabbit polyclonal IgG antibody (5mgmL�1,

Santa Cruz Biotechnology, Santa Cruz, CA), washed three-times with PBS and incubated

for an additional hour with the secondary donkey anti-rabbit Texas-red dye-conjugated

antibody (1:500, Jackson ImmunoResearch Laboratories, West Grove, PA). Metamorph

imaging software (Universal Imaging, Union City, CA) was used to analyse fluorescent
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intensity and ImageJ software (NIH) to determine the relative number of positively stained

cells. Experiments were performed in duplicate.

Measurement of VEGF production

Macrophages were plated as described above and incubated under normoxic or

chronic hypoxic conditions for 8 h. Then, medium was replaced with fresh medium for

one additional hour under the same oxygen conditions at target temperature. Media

before and after the 1-h treatments was collected and stored at �20�C. VEGF concen-

tration was determined using a commercially obtained enzyme-linked immunosorbent

assay murine VEGF kit (Biosource, Camarillo, CA), according to the manufacturer’s

instructions.

Statistical analysis

Data are shown as mean�SEM. Statistical analyses were performed using unpaired

Student’s t-test. P<0.05 was considered as statistically significant.

Results

Hypoxia enhances the superoxide production of macrophages

Tumour oxygenation is highly heterogeneous where well oxygenated regions, regions

of severe chronic hypoxia and regions of fluctuant hypoxia are commonly found [28].

In a model that reproduces the various micro-environment niches of TAM, this study first

sought to determine whether changes in oxygenation could impact the oxidative activity of

macrophages. At 37�C, both chronic (2 h 0.5% O2) and intermittent hypoxia (10min cycles

of 0.5%O2 vs. 20% O2 over 2 h) strongly stimulated the production of O�
2 by non-activated

macrophages. While O�
2 increase was marginal under normoxia, 2 h of chronic hypoxia

or intermittent hypoxia significantly triggered an oxidative burst by these cells (Figure 1,

p<0.001 vs. normoxia). Intermittent hypoxia was a stronger stimulus for the oxidative

activity of macrophages than chronic hypoxia ( p<0.05).

Mild hyperthermia further stimulates superoxide production of hypoxic macrophages

To identify whether heat influences macrophage activity, cells were exposed to temperatures

that can be reached in tumours during clinical hyperthermia treatment. This study observed

a significant increase in the O�
2 release by normoxic macrophages when cells were heated for

1 h at 41�C and 43�C (Figure 2, dashed bars, p<0.01 vs. 37�C). These data indicate that at

sufficiently high temperatures, hyperthermia alone stimulates the O�
2 production of

macrophages.

Interestingly, O�
2 release by normoxic macrophages increased linearly between 37–41�C

but did not reach a plateau at the highest temperature tested (Figure 2). It was, therefore,

envisaged that an additional stimulus might further enhance the oxidative burst. To test this

hypothesis, cells were heated under hypoxic conditions. The combination of heat with

hypoxia was much more efficient than heat alone (normoxia) at stimulating macrophages.

Significantly higher O�
2 release was observed by the cells not only at 37�C, but also at 39 and

41�C (Figure 2, plain bars, p<0.02) vs. normoxic cells at the same temperature). Further

heating of the cells to 43�C failed to enhance their O�
2 production, indicating that severely

hypoxic macrophages reach their maximal oxidative activity (i.e. �1.5 pmol/cell per hour),

266 I. L. Jackson et al.



between 41–43�C. The slight decrease in O�
2 levels at 43�C as compared to 41�C was further

continued at 45�C (data not shown).

Zymosan is widely accepted to fully activate macrophages in experimental systems. The

data suggest that hyperthermia could constitute an additional stimulus. To test this idea,
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Figure 1. Chronic and intermittent hypoxia stimulate oxidative activity of macrophages. O�
2

production was determined from its ability to reduce cytochrome c. Non-activated macrophages were
incubated for 2-h under normoxia (21% O2), chronic hypoxia (0.5% O2) or intermittent hypoxia
(repeated cycles of 0.5–20% O2) at 37

�C. *P<0.05.
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Figure 2. The combination of hypoxia and hyperthermia fully activates macrophage oxidative
activity. O�

2 production was determined from its ability to reduce cytochrome c. Non-activated
macrophages were incubated for 1-h under normoxia (21% O2) or chronic hypoxia (0.5%). *P<0.05.
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macrophages were exposed to Zymosan as a positive control for macrophage activation of

the respiratory burst. Macrophages were exposed to Zymosan alone or to a combination

of Zymosan and heat. Hyperthermia did not depress O�
2 production of macrophages in

the presence of Zymosan (Figure 3). Instead, heating Zymosan-treated cells at �39�C

further enhanced O�
2 release above that seen with Zymosan alone ( p<0.001).

Mild hyperthermia inhibits HIF-1� activation by hypoxia in macrophages

Although high oxidative activity of macrophages is known to trigger tumour cell death, other

adaptations of macrophages to extreme tumour micro-environment may promote angio-

genesis and tumour cell survival [11–13]. To investigate this possibility, it was examined

whether heat could modulate HIF-1� activation by hypoxia in macrophages.

Using immunofluorescence, it was first observed that hypoxia alone induced a 5-fold

increase in HIF-1� levels detected in macrophages at 37�C (Figure 4(a), p<0.001).

Hypoxia-induced HIF-1� activation was greatly prevented when hypoxic macrophages were

heated at 39 or 41�C ( p<0.05 vs. hypoxia at 37�C). In contrast, at higher temperatures

(43�C) under hypoxic conditions, the destabilization of HIF-1� was reversed (p<0.05 vs.

normoxia and p>0.05 vs. hypoxia at 37�C). Data shown in Figure 4(a) represent the return

of HIF-1� levels at 43�C to levels observed at 37�C under hypoxia.

Mild hyperthermia and VEGF production in macrophages

Cells regulate HIF-1� activity by controlling proteosomal degradation of the HIF-1�
sub-unit. Additional points of regulation include post-translational changes and various

protein–protein interactions [29, 30]. To investigate the molecular relevancy of HIF-1�
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production was determined from its ability to reduce cytochrome c. Macrophages were incubated
for 1-h under normoxia (21% O2) in the presence of 250 mgml�1 of unopsonized Zymosan A.
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destabilization/inactivation by heat, this study measured the release of VEGF, a major

HIF-regulated transcript, by macrophages. As expected, hypoxia stimulated the production

and release of VEGF (Figure 4(b)) by macrophages at 37�C. However, at higher

temperatures, VEGF levels fluctuated in parallel to HIF-1� expression. Heating hypoxic

cells at 39 or 41�C prevented VEGF release, but the inhibitory effect was suppressed at

43�C. The results show that mild hyperthermia prevents hypoxia-induced HIF-1�
stabilization and activation in macrophages.
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Figure 4. Mild hyperthermia represses HIF-1� expression and activity in macrophages. Macrophages
were cultured for 1-h (HIF-1�) or 8 h (VEGF) under different conditions of oxygenation and heat,
as indicated, and readily fixed with 4% paraformaldehyde. Layers were stained for HIF-1� (a) and
positively labelled cells counted. VEGF (b) was determined by ELISA. *P<0.05.
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Discussion

It is well established that inadequate blood supply combined with high metabolic rates of

oxygen consumption results in areas of low oxygen tension (median pO2<10mmHg) within

malignant tumours [28]. It has been shown that hypoxic cells are more radioresistant than

their counterparts. Elevation of tumour temperatures above 39�C results in significant

improvement in tumour oxygenation (median pO2>10mmHg) and cell radiosensitivity

[6, 31, 32]. Published reports estimate that macrophages can compose between 50–80% of

the total tumour mass [9, 14, 33]. As regions of hypoxia develop in response to tumour

growth and oxygen consumption, recruited macrophages aggregate adjacent to these poorly

vascularized areas where they mount a pro-angiogenic response and increase their oxidative

activity [9, 13–15, 18]. Therefore, it is important to understand the physiological changes in

macrophage function under hypoxic and normoxic conditions in response to heat therapy.

Oxygen tension within tumours is highly heterogeneous as a result of variations in tumour

proliferation, oxygen consumption, angiogenesis and vascular remodelling [34]. Instability

in tumour oxygenation appears to be a dominant feature of oxygen transport in tumours [35]

and could greatly affect respiratory burst of macrophages. This study found that transient

hypoxia stimulated a 68% increase in production of O�
2 by macrophages in comparison with

chronic hypoxia (Figure 1). These results demonstrate the potency of fluctuations in oxygen

availability as a stimulus for generating high levels of oxidative activity. The ability of hypoxia

to stimulate oxidative activity in macrophages increases cellular oxygen consumption and

could potentially contribute further to the hypoxic environment and radioresistance of solid

tumours.

Oxidative stress is an important feature of the tumour micro-environment [36]. Both O�
2

and NO are produced by activated macrophages. These species cause damage by themselves

but also through their reaction products such as peroxynitrite, carbonate radical, nitric

dioxide and others [37, 38]. Although low levels of ROS participate in the promotion of

tumour growth through signalling pathways and mutagenesis, these species also cause

extensive damage to biomolecules and signalling proteins when produced at higher

levels [39]. This study observed that normoxia non-activated macrophages undergo

respiratory burst without co-stimulation at temperatures above 37�C. Likewise, under

hypoxia, which was in itself a stimulus for macrophage activation, an increase in temperatures

up to 43�C mediated a further increase in superoxide production. Moreover, compared to

drugs that activate macrophages (such as Zymosan) or to hypoxia alone (as found in

tumours), it was shown that heat stimulates macrophages to produce much higher levels of

ROS. It was further observed that, under mild hyperthermia, the increase in O�
2 levels

parallelled the decrease in the expression and activity of HIF-1� at clinically relevant

temperatures (39�C and 41�C). The decrease in HIF-1� levels is presumably due to the

oxidation of the signalling protein/s. At T>43�C the activity of macrophages seem to cease

(the trend continues at 45�C), which resulted in increased HIF-1� activity. VEGF release by

macrophages tightly reflects the fluctuation in HIF-1� with temperature.

As tumours expand beyond the limits of their vascularization to supply oxygen and

nutrients, macrophages alter their phenotypic expression towards the promotion of

angiogenesis via stabilization of HIF-1� and VEGF release [9, 12, 14, 18]. However, in

tumours, new vasculature is characterized by multiple structural and functional abnor-

malities which compromise blood flow and result in tissue hypoxia [40]. In addition, high

micro-vascular density has been associated with a more aggressive tumour phenotype and

increased metastasis [40–43]. Jin et al. [44] demonstrated anti-angiogenic compounds could

function as radiosensitizers for hypoxic cells. Therefore, by repressing HIF-1� activity and
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reducing VEGF levels, mild hyperthermia has the potential to increase tumour oxygenation

through down-regulation of pro-angiogenic responses in macrophages. The intrinsic effects

of hyperthermia could, thus, be seen as a remodelling of the tumour micro-environment

detrimental to tumour growth.

Tumour hypoxia is associated with increased metastasis, a more aggressive malignant

phenotype and increased angiogenesis [6]. Moreover, it constitutes one of the primary

barriers limiting the success of radiation and chemotherapy treatment. Therefore, targeting

tumour reoxygenation may significantly improve the outcome in a variety of cancers [6, 32].

This study has shown hyperthermia in the range of 39–41�C to be optimal for altering

macrophage function towards the promotion of high oxidative activity and mitigation of

angiogenesis. Further studies are warranted to investigate the mechanisms of hyperthermic

regulation of HIF-1� stabilization and transcriptional activity in macrophages. Studies have

suggested ROS may participate indirectly in oxygen sensing and, therefore, regulate HIF-1�
stabilization [45]. However, HSP90 stabilization of HIF-1� at high temperatures may poten-

tially compete with pVHL mediated HIF-1� degradation at temperatures above 41�C [46].

In conclusion, changes in normal macrophage activity under hypoxic conditions due

to elevated temperatures may provide an insight into the ability of hyperthermia to facilitate

tumour reoxygenation and increase treatment success.
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