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Hyperthermia (HT) is a strong adjuvant treatment with radiother-
apy and chemotherapy because it causes tumor reoxygenation.
However, the detailed molecular mechanisms of how HT enhances
tumor oxygenation have not been elucidated. Here we report that
1 h of HT activates hypoxia-inducible factor-1 (HIF-1) in tumors and
its downstream targets, vascular endothelial growth factor (VEGF)
andpyruvate dehydrogenase kinase 1 (PDK1). ConsistentwithHIF-1
activation and up-regulation of its downstream genes, HT also
enhances tumor perfusion/vascularization and decreases oxygen
consumption. As a result, tumor hypoxia is reduced after HT, sug-
gesting that these physiological changes contribute to HT-induced
tumor reoxygenation. Because HIF-1 is a potent regulator of tumor
vascularization and metabolism, our findings suggest that HIF-1
plays a role in HT-induced tumor reoxygenation by transactivating
its downstream targets. We demonstrate that NADPH oxidase-
mediated reactive oxygen species production, as a mechanism, up-
regulates HIF-1 after HT. Furthermore, we determine that this path-
way is initiated by increased transcription of NADPH oxidase-1
through the ERK pathway. In conclusion, this study determines that,
although HIF-1 is a good therapeutic target, the timing of its inhibi-
tion needs to be optimized to achieve the most beneficial outcome
when it is combined with other treatments of HT, radiation, and
chemotherapy.

Hyperthermia (HT) has been investigated for its propensity to
induce tumor reoxygenation (1, 2). When tumors are sub-

jected to temperatures between 39 °C and 43 °C, improvements in
oxygenation have been observed both during and up to 24 h after
heating. This temperature range is referred to as mild HT because
direct cytotoxicity is minimal in this range (3). Various clinical
trials have confirmed thatmildHT induces tumor reoxygenation at
24 h after HT in cancer patients (4–7) and that reoxygenation is
associated with better patient treatment outcome. In addition,
mild HT is being used with thermally sensitive liposomes con-
taining doxorubicin as a uniquemethod to enhance tumor-specific
drug delivery (8–10). Because of these benefits, mild HT is
a promising adjuvant treatment to target tumor hypoxia.
Mild HT-induced tumor reoxygenation is known to be caused

by enhanced oxygen delivery (11) and decreased oxygen con-
sumption (12–15). However, the molecular mechanisms that
control these physiological changes are unknown. Hypoxia-
inducible factor-1 (HIF-1) is a potent mediator of hypoxic re-
sponses by regulating both oxygen delivery (angiogenesis) and
oxygen consumption (glycolytic metabolism) (16–18). Therefore,
in this study, we sought to determine whether HIF-1 plays a role
in HT-induced tumor reoxygenation.
As a transcription factor, HIF-1 is known to activate more than

60 target genes involved in solid tumor progression (19). It is
highly expressed in most tumor types, and its expression has been
correlated with poor patient outcome (19–21). The functional
HIF-1 is composed of α- and β-subunits. Unlike the constitutively
expressed HIF-1β subunit, HIF-1α stabilization is usually regu-
lated by prolyl hydroxylase (PHD)-mediated proteasomal deg-

radation (22). PHD requires oxygen, 2-oxoglutarate, and iron to
hydroxylate the oxygen-dependent degradation (ODD) domain
of HIF-1α. A lack of oxygen, metabolic intermediates, or iron
inhibits PHD activity and stabilizes HIF-1α. When stabilized,
HIF-1α forms a heterodimer with HIF-1β and binds to the hyp-
oxia response element to transactivate the expression of many
downstream genes involved in tumor progression, including an-
giogenesis [vascular endothelial growth factor (VEGF) (23)] and
glycolytic metabolism [PDK1 (24)].
The effect of heat on HIF-1 has been reported previously in

several studies. Although 1 h of heat treatment down-regulates
HIF-1α and VEGF levels in murine macrophages under hypoxia
(25), in tumor cells heat increases HIF-1α independently of oxy-
gen (26, 27). However, the downstream effects of HT-induced
HIF-1α up-regulation have not been fully validated. Because HIF-
1 plays an important role in tumor vascularization and metabo-
lism, we hypothesize that HIF-1 is involved in tumor reoxygena-
tion after HT.
To test our hypothesis, we address the following questions: (i)

whether and how HIF-1 is regulated by HT and (ii) whether
HIF-1 plays a role in HT-induced tumor reoxygenation. The
findings in this study provide an important rationale for the
development of therapeutic strategies to combine mild HT and
HIF-1 inhibition with radiation and chemotherapy.

Results
HT Up-Regulates HIF-1 Expression and Enhances VEGF Secretion in
Tumor Cells. To determine the effect of heat on HIF-1, 4T1 mouse
mammary carcinoma cells were treated at a series of temperatures
for 1 h, a clinically relevant duration ofHT.After treatment,HIF-1
activity was detected by HIF-1–specific ELISA. HIF-1 activation
was increased significantly at temperatures between 41 °C and
44 °C , the temperature range of mild HT (Fig. 1A). Significant
cytotoxic effect was observed only at 44 °C (Fig. S1A). Because
activation of HIF-1 was highest at 43 °C, we focused our study on
HT at this temperature. We also determined whether HIF-1α
protein expression is up-regulated using Western blot (Fig. 1B).
Although kinetics were not the same, HT at 43 °C increased HIF-
1α expression as hypoxia treatment did (0.5%O2 for 24 h).We also
confirmed thatHT at 43 °C inducedHIF-1α up-regulation in other
tumor cell lines: MDA-MB-231, a human breast cancer cell line,
and SiHa, a human cervix cancer cell line. As to the time course of
HT-inducedHIF-1 up-regulation, we found that increasedHIF-1α
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expression in the HT group remained elevated at 6 h post-HT and
decreased to a level similar to the control group 24 h after HT
(Fig. S1B).
As mentioned above, HIF-1 transactivates multiple categories

of genes to promote tumor growth, including VEGF, one of the
most potent angiogenic factors, and PDK1, a metabolic enzyme
that converts tumor metabolism to glycolysis by inactivating the
tricarboxylic acid (TCA) cycle enzyme, pyruvate dehydrogenase
(PDH). To further investigate whether HT-induced HIF-1 could
up-regulate VEGF and PDK1, we determined their mRNA ex-
pression by quantitative real-time reverse transcriptase PCR
(qPCR) immediately after HT treatment (Fig. 1C). One hour of
HT at 43 °C significantly increased mRNA expression of VEGF
and PDK1 in 4T1 cells (three- to fourfold), but did not change
HIF-1α mRNA expression. This result indicates that HT regu-
lates HIF-1α expression at the post-transcriptional level.
HT also increased mRNA expression of VEGF and PDK1 in

MDA-MB-231 cells (Fig. 1D). Furthermore, knocking down
HIF-1α using SMARTpool siRNA (Fig. S1C) abrogated the in-
crease in VEGF and PDK1 mRNA expression following HT
(Fig. 1D). These findings suggest that HT-induced transcription
of VEGF and PDK1 is specifically mediated by HIF-1.
Because VEGF is a secreted protein (28), we next examined

whether up-regulated VEGF mRNA expression could lead to
increased VEGF secretion after HT. VEGF ELISA demon-
strated that HT significantly increased VEGF secretion by 4T1
tumor cells at 6 and 24 h after HT in comparison with controls at
the same time points (Fig. S1D).

Heat Activates HIF-1 and VEGF in Tumors in Vivo. To evaluate HT-
induced HIF-1α expression serially and noninvasively in vivo, we
used a previously establishedHIF-1α reporter cell line, 4T1-ODD-
Luc (29). This cell line contains a luciferase reporter gene fused
with the HIF-1α ODD domain, allowing direct visualization of
HIF-1α protein stability. Subcutaneously grown 4T1-ODD-Luc
tumors were locally HT-treated, and HIF-1α reporter activity was
monitored at various time points after HT treatment. Compared
with the control, HIF-1α reporter activity significantly increased
immediately after HT (0 h). It peaked at 6 h post-treatment and
decreased to the levels of the control 48h afterHT(Fig. 2A andB).
Consistent with HIF-1α reporter activity, HIF-1 ELISA data
showed that HIF-1 activation was also significantly increased 6 h
after HT in tumor tissues (Fig. S2A). We further measured VEGF
levels in mouse tumor tissues 6, 24, and 48 h after HT. ELISA and
immunohistochemistry demonstrated significant increases in
VEGF levels 48 h after HT (Fig. 2C and Fig. S2 B and C). These
findings provide direct evidence that HT up-regulates the ex-
pressionof bothHIF-1α and its downstream target,VEGF, in vivo.

As it was observed in cells, necrotic areas in HT-treated tumor
tissues were not significantly different from the control (Fig. S2D).
In fact, the necrotic fraction is lower in theHTgroup at 48 h than in
the controls. Therefore, decreased tumor hypoxia after HT does
not seem to be a result of the cell-killing effect.

HT Promotes Tumor Perfusion/Vascularization, Decreases Oxygen
Consumption, and Down-Regulates Tumor Hypoxia. Consistent with
increases in tumor tissue VEGF levels, tissue staining with the
endothelial marker CD31 demonstrated a significant increase in
the number of tumor blood vessels 48 h after HT (Fig. 3A). These

6hr 24hr 48hr 6hr 24hr 48hr
0

100

200

300
NT
HT

Time after HT

VE
G

F 
le

ve
ls

 in
 tu

m
or

tis
su

es
 (p

g/
m

l)

0 3 6 12 24 48 72
0

20000

40000

60000

80000

NT
HT

Time after HT (Hours)

Lu
ci

fe
ra

se
 a

ct
iv

ity
((

p/
se

c/
cm

^2
/s

r)
/tu

m
or

 v
ol

um
e)

Normothermia Hyperthermia

A B 

*

C

**

*

*

**

Fig. 2. HT-induced activation of HIF-1 in vivo. (A) To noninvasively monitor
HIF-1α expression in vivo, the reporter cell line, 4T1-ODD-Luc (29), was injected
subcutaneously into the right flank of nudemice. Mice were HT-treated using
a preheated water bath for 1 h and imaged at various time points after
treatment. Compared with the normothermic group, activity of the HIF-1α
reporter was significantly increased immediately after HT and peaked at 6 h
following treatment (NT: normothermia, HT: hyperthermia; mean± SEM, n = 8,
*P< 001, **P< 0.005). ElevatedHIF-1α reporter activity decreased to the levels
of the control treatment within 48 h. (B) Activation of the ODD-luciferase re-
porter was noninvasively imaged using the Xenogen IVIS bioluminescence
imaging system (Representative images were taken at 6 h after HT.) (C) VEGF
protein levels in tumor tissueswere determined using ELISA. Forty-eight hours
after treatment, VEGF production was significantly increased in the HT group
compared with the control (mean ± SEM, n = 5, *P < 0.05).
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Fig. 1. Heat-induced up-regulation of HIF-1 in tumor
cells. (A) 4T1mousemammarycarcinomacellswereHT-
treatedattemperatures ranging from37°Cto45°Cfor
1 h. Nuclear extracts were collected and HIF-1 activity
was assessed using ELISA. ELISA data were normalized
to the mean value of the treatment at 37 °C (mean ±
SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.005). (B) 4T1
cells were treated with HT (43 °C for 1 h) or hypoxia
(0.5%O2 for 24 h). Two human tumor cell lines, MDA-
MB-231 human breast cancer cells and SiHa human
cervix cancer cells,were alsoHT-treated for 1hat43 °C.
Westernblotswereperformedusingwhole-cell lysates
to detect protein expression of HIF-1α and β-actin. (C)
After1hHTat43 °C,mRNAexpressionofHIF-1α and its
target genes, VEGF and PDK1,was assessed by qPCR in
4T1 cells (mean ± SD, n = 3, *P < 0.05). (D) HIF-1–me-
diated regulation of VEGFand PDK1mRNAexpression
was determined by qPCR with or without knocking
down HIF-1α in MDA-MB-231 cells. Cells were trans-
fected with SMARTpool siRNA specifically targeting
HIF-1α and HT-treated 48 h after transfection (mean ±
SD, n = 3, *P < 0.005; ns: not significant).
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data suggest thatHT inducesmore robust tumor angiogenesis than
the control treatment. At the same time point, we also observed
significantly increased tumor perfusion from HT-treated tumor
tissues using the perfusion marker Hoechst 33342 (Fig. 3B). Fur-
ther analysis of the spatial distribution of tumor vasculature
demonstrated that about 70% of tumor vessels were located in the
perfused areas 48 h after HT (Fig. S3A). In contrast, only 30% of
total tumor vessels were located in perfused areas in control
tumors. These findings suggest that HT not only improves overall
tumor perfusion but also stimulates perfused blood vessel forma-
tion. Because VEGF is a pivotal factor for both angiogenesis and
vessel perfusion, the temporal concordance in HT-induced HIF-
1α up-regulation, enhanced VEGF levels, and stimulated angio-
genesis as well as improved tumor perfusion reveals a series of
multifaceted physiological changes in the tumor microenviron-
ment after HT. Because our previous study showed that HIF-1
induces robust angiogenesis over a 24- to 48-h time frame, the
result here is not unexpected (31).
Previous studies suggested that, in addition to increased oxy-

gen delivery, decreased oxygen consumption may induce tumor
reoxygenation after HT (1, 2, 12–15). Observations of increased
tumor tissue accumulation of lactate (12, 13) and decreased
mitochondrial function in tumor cells after HT (14) indicate that
the metabolic switch from oxidative phosphorylation to glycolysis
may potentially decrease tumor oxygen consumption. To directly
determine the effects of HT on tumor oxygen consumption, we
measured tumor cell oxygen consumption rates using electron
paramagnetic resonance (EPR) oximetry (32). Compared with
37 °C treatment (slope: −2.035 ± 0.097), 1 h of HT significantly
reduced oxygen consumption rates in 4T1 cells by 30% (slope:
−1.404 ± 0.073, Fig. 3C). In contrast to decreased oxygen con-
sumption rates, tumor ATP levels remained unchanged in vitro
(Fig. S3B) and in vivo (Fig. S3C), indicating that ATP production
is maintained by increased glycolysis. We also found a significant
increase in mouse plasma lactate levels 6 h after HT (Fig. S3D).
This observation also supports the switch to a glycolytic metab-
olism. No significant changes in mouse plasma lactate levels were
observed at later time points of 24 and 48 h post-treatment.
Because we observed an increase in PDK1 mRNA expression
after HT, we examined whether HIF-1–regulated PDK1 is in-
volved in decreased oxygen consumption rates by altering tumor
metabolism toward glycolysis. PDK1 was knocked down using
PDK1-specific shRNA (Fig. S4A) and tumor cell oxygen con-
sumption rates were measured. As observed previously (Fig. 3C),
HT significantly decreased tumor oxygen consumption rates by
46% (slope: −1.625 ± 0.034) compared with the control treat-

ment at 37 °C (slope: −3.031 ± 0.031). Although it was statisti-
cally significant (43 °C scrambled vs. 43 °C PDK1 shRNA, P <
0.0001), PDK1 depletion partially blocked the decrease in oxy-
gen consumption rates by 15% (slope: −1.877 ± 0.033; Fig. S4 A
and B) compared with the scrambled control. We also observed
that mitochondrial membrane potential was significantly de-
creased after HT, suggesting that decreased oxygen consumption
rates are caused by both a HIF-1–mediated increase in PDK1
and a direct effect of HT on mitochondria (Fig. S4C).
Next, to determine whether the enhanced tumor perfusion/

vascularization and decreased oxygen consumption rates after
HT could affect tumor hypoxia, we assessed tumor tissues by
immunostaining with a hypoxia-specific marker, EF5 (30). Hyp-
oxic areas of tumors were significantly decreased 24 and 48 h
after HT (Fig. 3D and Fig. S4D). Therefore, decreased tumor
hypoxia at 24 and 48 h after HT possibly mirrors the changes in
tumor physiology of both enhanced perfusion/vascularization
and reduced oxygen consumption.

Reactive Oxygen Species Play a Role in HT-Induced HIF-1 Up-
Regulation. It has been shown that hypoxia is a potent factor
enhancing HIF-1α expression (33). However, our findings above
demonstrate that HT-induced HIF-1α stabilization occurs in less
hypoxic conditions and even in normoxic environments. To eluci-
date the mechanism of this non-hypoxia–induced HIF-1α accu-
mulation, we next investigated whether other factors independent
of oxygen availability may up-regulate HIF-1α. We previously
reported that reactive oxygen species (ROS) contribute to HIF-1
activation after radiation (34). Thus, we examined whether ROS
play a role in HT-mediated HIF-1α up-regulation. Flow cytometry
analysis using a fluorescent dye, CM-H2DCFDA, demonstrated
that HT at 43 °C causes a significant increase in ROS production
in 4T1 cells (Fig. 4A). The elevated ROS levels returned to the
levels in the control cells within 24 h afterHT, which was consistent
with HIF-1 up-regulation (Fig. S5A). Additionally treating cells
with a Mn-porphyrin–based SOD mimic and peroxynitrite scav-
enger, Mn(III) meso-tetrakis(N-ethylpyridinium-2-yl)porphyrin
(MnTE-2-PyP5+) (35), inhibited HIF-1α up-regulation after HT,
suggesting that ROS are responsible for HIF-1 up-regulation after
HT (Fig. S5B).
It was separately reported that ROS produced from either

mitochondria (36) or NADPH oxidase (37) are responsible for
HIF-1α stabilization under hypoxic conditions. To examine
whether NOX1 or cytochrome C are involved in HT-induced
ROS production and up-regulation of HIF-1α, their mRNA ex-
pression was assessed after HT using qPCR. Experiments were

6hr 24hr 48hr 6hr 24hr 48hr
0.0

0.5

1.0

1.5

2.0
NT
HT

Time after HT

R
el

at
iv

e 
ve

ss
el

 n
um

be
r

in
 w

ho
le

 tu
m

or
 ti

ss
ue

 a
re

as

6hr 24hr 48hr 6hr 24hr 48hr
0

10

20

30

40

50
NT
HT

Time after HT

H
yp

ox
ic

  F
ra

ct
io

n 
(%

)

A

D

*
B

**

C

Time (min)
0 3 6 9 12 15

0

4

8

12

16

20

37 C
43 C

[O
2]

 %

6hr 24hr 48hr 6hr 24hr 48hr
0

20

40

60

80

100
NT
HT

Time after HT

%
 o

f p
er

fu
se

d 
ar

ea
s

*Fig. 3. Changes in tumor physiology result in increased
tumor perfusion/vascularization, reduced oxygen con-
sumption rates, and decreased hypoxia after HT. (A)
Tumor tissues were excised 6, 24, and 48 h after HT. Tu-
mor tissueswere cut into10-μmsections and stainedwith
the endothelial marker CD31. The number of CD31-
positive blood vessels in the viable tumor tissue areawas
counted. Compared with the control treatment, it was
significantly increased 48 h after HT (mean ± SEM, n = 5,
*P < 0.05). (B) Perfused areas in 4T1 tumor tissues were
determined by imaging the preinjected perfusion
marker Hoechst 33342. The percentage of perfused
areas to viable tumorareaswas significantly increased48
h after HT compared with the control group (NT: nor-
mothermia, HT: hyperthermia, mean ± SEM, n = 5, *P <
0.05). (C) After HT, tumor oxygen consumption rates
were measured in 4T1 cells using EPR oximetry. Oxygen
consumption rates were calculated from the slope of
the change in oxygen concentration with time. Com-
paredwith the control treatment (slope:−2.035± 0.097,
n = 4), the oxygen consumption rates were significantly
reduced after HT at 43 °C (slope: −1.404 ± 0.073, n = 3,
mean± SD, *P< 0.005). (D) Hypoxia in tumor tissueswas imaged by probingwith a Cy3-conjugated anti-EF5 antibody (ELK3-51) to a preinjected hypoxiamarker,
EF5 (30). Hypoxic areas of tumors were significantly decreased 24 and 48 h after HT compared with the control treatment (mean ± SEM, n = 5, *P < 0.005).

Moon et al. PNAS | November 23, 2010 | vol. 107 | no. 47 | 20479

M
ED

IC
A
L
SC

IE
N
CE

S

https://webgateway.dartmouth.edu/lookup/suppl/doi:10.1073/pnas.1006646107/-/DCSupplemental/,DanaInfo=www.pnas.org+pnas.201006646SI.pdf?targetid=nameddest=SF3
https://webgateway.dartmouth.edu/lookup/suppl/doi:10.1073/pnas.1006646107/-/DCSupplemental/,DanaInfo=www.pnas.org+pnas.201006646SI.pdf?targetid=nameddest=SF3
https://webgateway.dartmouth.edu/lookup/suppl/doi:10.1073/pnas.1006646107/-/DCSupplemental/,DanaInfo=www.pnas.org+pnas.201006646SI.pdf?targetid=nameddest=SF3
https://webgateway.dartmouth.edu/lookup/suppl/doi:10.1073/pnas.1006646107/-/DCSupplemental/,DanaInfo=www.pnas.org+pnas.201006646SI.pdf?targetid=nameddest=SF3
https://webgateway.dartmouth.edu/lookup/suppl/doi:10.1073/pnas.1006646107/-/DCSupplemental/,DanaInfo=www.pnas.org+pnas.201006646SI.pdf?targetid=nameddest=SF4
https://webgateway.dartmouth.edu/lookup/suppl/doi:10.1073/pnas.1006646107/-/DCSupplemental/,DanaInfo=www.pnas.org+pnas.201006646SI.pdf?targetid=nameddest=SF4
https://webgateway.dartmouth.edu/lookup/suppl/doi:10.1073/pnas.1006646107/-/DCSupplemental/,DanaInfo=www.pnas.org+pnas.201006646SI.pdf?targetid=nameddest=SF4
https://webgateway.dartmouth.edu/lookup/suppl/doi:10.1073/pnas.1006646107/-/DCSupplemental/,DanaInfo=www.pnas.org+pnas.201006646SI.pdf?targetid=nameddest=SF4
https://webgateway.dartmouth.edu/lookup/suppl/doi:10.1073/pnas.1006646107/-/DCSupplemental/,DanaInfo=www.pnas.org+pnas.201006646SI.pdf?targetid=nameddest=SF4
https://webgateway.dartmouth.edu/lookup/suppl/doi:10.1073/pnas.1006646107/-/DCSupplemental/,DanaInfo=www.pnas.org+pnas.201006646SI.pdf?targetid=nameddest=SF5
https://webgateway.dartmouth.edu/lookup/suppl/doi:10.1073/pnas.1006646107/-/DCSupplemental/,DanaInfo=www.pnas.org+pnas.201006646SI.pdf?targetid=nameddest=SF5


performed using MDA-MB-231 because this cell line is known to
express NOX1 (38). After HT, we found a significant increase in
NOX1 mRNA expression in MDA-MB-231 cells, although there
was no significant change in cytochrome C mRNA expression
(Fig. 4B). NADPH oxidase converts NADPH to NADP+ while
generating ROS (39). To further investigate whether increased
NOX1 mRNA expression leads to enhanced NADPH oxidase
activity, we evaluated the NADP+/NADPH ratio. Consistent
with an increase in NOX1 mRNA, the NADP+/NADPH ratio
was elevated after HT, suggesting that HT activates NADPH
oxidase through NOX1 up-regulation (Fig. 4C).
To test whether HT affects other subunits of NADPH oxidase,

we assessed mRNA expression of p22phox, which is membrane-
bound, and of p67phox, which is cytosolic (39). Compared with
NOX1, there were no significant changes in their mRNA ex-
pression after HT (Fig. S5C).

To further determine whether NOX1 is responsible for HT-
induced ROS production and HIF-1α activation, we knocked
down NOX1 and cytochrome C using SMARTpool siRNA.
qPCR confirmed the inhibition of both NOX1 mRNA expression
(60% reduction; Fig. S5D) and cytochrome C (70% reduction;
Fig. S5E). After HT, we observed that NOX1 knockdown, but
not cytochrome C knockdown, significantly inhibited ROS pro-
duction (Fig. 5A). NOX1 knockdown also reduced HT-induced
HIF-1α up-regulation (Fig. 5B). In contrast, cytochrome C knock-
down did not affect the HIF-1α protein expression after HT. As
a result, NOX1 knockdown significantly decreased HT-induced
mRNA expression of VEGF and PDK1 to levels of the control
(Fig. 5C). These findings suggest that NOX1 is required for HT-
induced ROS production and HIF-1α accumulation as well as for
up-regulation of HIF-1 downstream targets. Again, no changes in
HIF-1αmRNAexpression were observed in cells with cytochrome
C knockdown and NOX1 knockdown, showing that the HIF-1
effects were post-transcriptional.

HTActivatesNADPHOxidase via theERKPathway. In Ras-transformed
cells, NOX1 transcription is enhanced by the ERK pathway (40).
Because it was previously shown that heat shock activates the ERK
pathway (41, 42), we investigatedwhetherHT regulatesNOX1 and
NADPH oxidase through the ERK pathway. In MDA-MB-231
cells, the p38 and JNK pathways showed high basal activation even
at 37 °C, andHT did not further enhance their activation (Fig. 6A).
On the other hand, the ERK pathway was transiently activated by
the end of HT (0 h) and returned to baseline 6 and 24 h post-
treatment (Fig. 6A). To test whether HT-induced ERK activation
specifically regulates NOX1 transcription, we suppressed the ERK
pathway usingU0126, an inhibitor of the upstreamERK regulator,
MEK1/2 (43). We treated cells with 500 nM of U0126, which is
sufficient to down-regulate ERK activation to basal levels without
nonspecific effects (Fig. S6A). U0126 treatment abrogated theHT-
induced up-regulation of NOX1 mRNA expression (Fig. 6B),
NADPH oxidase activity (NADP+/NADPH ratio) (Fig. 6C), and
ROS production (Fig. 6D). As a result, HIF-1α expression was
suppressed by U0126 (Fig. S6B). These findings indicate that
NOX1-derived ROS production is mediated by the ERK signaling
pathway in response to HT.

Discussion
HT is a strong adjuvant treatment due to its tumor reoxygenation
effect. In this study, we demonstrate that HT activates HIF-1
through NADPH oxidase-mediated ROS production and that
this pathway is initiated by the ERK pathway. Also, we suggest
that activated HIF-1 is involved in tumor reoxygenation by
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promoting tumor perfusion/vascularization and partially by de-
creasing oxygen consumption (Fig. S7).
In this study, we determine that HT stabilizes HIF-1α, leading

to increases in VEGF and PDK1 expression in tumors. Up-
regulation of these target genes is highly involved in tumor an-
giogenesis and metabolism, indicating that HT-induced HIF-1
may play important roles in multiple changes in tumor physiology.
We show that HT significantly promotes tumor angiogenesis and
increases VEGF levels in tumors (Fig. 2C and Fig. 3A). More in-
terestingly, we further demonstrate that most of these neovessels
are located in perfused areas (Fig. S3A). Thus, this study suggests
that oxygen delivery may possibly be increased through these
vessels and cause tumor reoxygenation. To validate functionality
and maturity of these vessels, further studies are still required.
In addition to enhanced perfusion/vascularization, we suggest

that decreased tumor cell oxygen consumption contributes to
tumor reoxygenation after HT (Fig. 3C). PDK1 is involved in al-
tering tumor metabolism to glycolysis by inhibiting PDH. In-
hibition of PDK1 results in increased oxygen consumption rates
(44) and decreased lactate production (45) under hypoxia. How-
ever, knocking down PDK1with shRNAonly partially blocked the
decrease in tumor cell oxygen consumption rates after HT. Be-
cause we also observed that HT decreased mitochondrial mem-
brane potential, these findings suggest that HT regulates oxygen
consumption rates both by directly affecting mitochondria and by
increasing PDK1 via HIF-1. Therefore, decreased tumor hypoxia
at 24 and 48 h post treatment (Fig. 3D) corroborates that HT-
induced tumor oxygenation is induced by both enhanced oxygen
delivery and reduced oxygen consumption.
In addition to the downstream effects of HT-induced HIF-1

activation, we demonstrate that NADPH oxidase-mediated ROS
production stabilizes HIF-1α. Previously, our group showed that
ROS are involved in radiation-induced HIF-1 activation (34).
Inhibition of ROS using a SOD mimic, a small molecule that
scavenges ROS (46), inhibits radiation-induced HIF-1 activation
and, as a result, sensitizes tumormicrovessels to radiation damage.
Studies by other groups further reported thatROSare required for
HIF-1α stabilization even under hypoxia (36, 37). Each of these
studies suggests two sources of ROS as HIF-1 regulators: mito-
chondria (36) and NADPH oxidase (37). For these, we found that
NADPH oxidase-derived ROS production is required for HIF-1
activation in HT-treated cells (Fig. 5A andB).We further showed
that HT enhances NADPH oxidase activity via the ERK pathway
(Fig. 6). Inhibition of the ERKpathway using the specific inhibitor
U0126 results in decreased NADPH oxidase activity, ROS pro-
duction, and HIF-1α expression. These findings not only present
important clues to understanding how HT regulates tumor reox-
ygenation, but also provide a molecular mechanism and thera-
peutic rationale for the inhibition of HIF-1.

HIF-1 is often considered a promising therapeutic target (19,
20). However, our findings suggest that HIF-1 inhibition needs to
be carefully regulated to achieve optimal therapeutic effects. Be-
cause hypoxic tumors exhibit both radioresistance and chemo-
resistance due to increased DNA damage repair and poor drug
delivery and drug diffusion (47), combined treatment with HT
synergizes treatment outcome by overcoming these limitations.
BecausemildHTpromotes tumor oxygenation, it ismore effective
if mild HT is administered before radiation and chemotherapy.
Meanwhile, HT-regulated induction of HIF-1 activity could be
either beneficial or detrimental. Although we suggest that HT-
induced HIF-1 up-regulation may play a role in regulating tumor
reoxygenation, its possible involvement in drug resistance by up-
regulating p-glycoprotein was also reported by Wartenberg et al.
(27). Thus, to preferentially take advantage of HT-induced HIF-1
activation and also suppress its deleterious effects, further studies
are needed to investigate how HIF-1 activation is regulated by
combined treatments of HT, radiation, and chemotherapy. Be-
cause our previous study (34) and studies by other groups (48–52)
showed that HIF-1 is up-regulated by radiation and chemother-
apy, it is possible that combined treatments increase HIF-1 acti-
vation to a higher degree than a single treatment. Although
enhanced tumor reoxygenation afterHTmay radiosensitize tumor
cells and promote drug delivery, elevatedHIF-1 levelsmay turn on
other HIF-1–regulated mechanisms of tumor cell resistance and
aggressiveness. Therefore, it is crucial to understand how tumor
cells respond to more clinically relevant treatment combinations
and how to target HIF-1 in a time-sensitive manner.
In conclusion, our study demonstrates that HT activates HIF-1

through ERK-NADPH oxidase-mediated ROS production, and
this enhances tumor oxygenation by up-regulating HIF-1 target
genes involved in tumor perfusion/vascularization and metabo-
lism (Fig. S7). These findings suggest that HIF-1 may play
a beneficial role in radiosensitizing tumors after HT, and com-
bined administration of HT and HIF-1 inhibitors in a well-
optimized manner with conventional treatments could yield an
important therapeutic benefit.

Materials and Methods
A detailed description is available in SI Materials and Methods.

Briefly, HT treatment was performed using preheated water baths for both
in vitro and in vivo studies. In vivo bioluminescence imaging was performed
using the Xenogen IVIS bioluminescence imaging system to detect ODD-
luciferase signals in mouse tumors. Immunohistochemistry was performed
following previously reported procedures (53–55). Tumor oxygen consump-
tion rates were measured by EPR oximetry. ROS production was measured
by staining cells with 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein
diacetate, acetyl ester (CM-H2DCFDA; Invitrogen). mRNA knockdown was
performed by transfecting cells with SMARTpool siRNA (Dharmacon) against
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Fig. 6. Regulation of NADPH oxidase through the ERK
pathway. (A) After HT, the phosphorylation ofMAP kinases
was assessed byWestern blot. Whereas p38 and JNK, which
showed high basal activation in MDA-MB-231 cells, were
not further phosphorylated by HT, ERK 1/2 was phosphor-
ylated immediately after HT (0 h). Phosphorylation of the
ERK1/2 returned tobasal levels at later timepoints (6and24
h after HT). (B) In MDA-MB-231 cells, inhibition of the ERK
pathway using 500 nM of U0126 significantly inhibited HT-
induced up-regulation of NOX1mRNA levels (mean ± SD, n
= 3, *P < 0.0005, **P < 0.0001), which were measured by
qPCR. (C) With and without 500 nM of U0126, the NADP+/
NADPH ratio was measured after HT. Inhibition of the ERK
pathway abrogated the HT-induced activation of NADPH
oxidase (mean ± SD, n = 3, *P< 0.05). (D) ROS production of
MDA-MB-231 cells after HT with or without U0126 was
determined using the fluorescent dye CM-H2DCFDA. In-
hibition of the ERKpathway inhibited ROSproduction after
HT (mean ± SD, n = 3, *P < 0.05).
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human HIF-1α, NOX1, cytochrome C, or nontargeting control using lipofect-
amine RNAiMAX (Invitrogen) according to the manufacturer’s protocol.
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