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Objectives

• Identify ways of measuring hypoxia in human tumors.

• Describe the relationship between hypoxia in human 
tumors and clinical outcome.

• Understand ways of targeting hypoxia in human 
tumors and opportunities for future research and 
clinical development.



What have we learned about hypoxia?

• Activates cell survival pathways
• Maintains cancer stem cells
• Alters DNA repair and contributes to 

genomic instability
• Selects for hypoxia tolerant, clinically 

aggressive cell populations
• Increases metastatic potential
• Contributes to treatment resistance

Hypoxia:



Clinical Implications of Hypoxia

• Most solid human tumors contain hypoxia.

• The extent of hypoxia is highly variable within 
individual tumors, among patients and over time.

• Tumor hypoxia is associated with poor local 
control after radiotherapy.

• Tumor hypoxia is associated with aggressive 
clinical behavior and the development of 
metastases regardless of treatment modality.

• Hypoxia targeted treatments are effective in 
selected patients.



Measuring Hypoxia in Patients

• Polarographic electrodes 
(direct oxygen measurement)

• Drugs that bind in hypoxia
– pimonidazole, EF5 (exogenous)

• Endogenous biomarkers
– HIF1α, HIF2α , CA-IX,  GLUT-1, 

VEGF, …

• Gene signatures

• Imaging
- MR 
- PET with hypoxia tracer 

(e.g. F-MISO, FAZA)

and pH levels (7.5 or 6.3; ref. 27). Gene expression was analyzed
with microarray (Affymetrix–Human Genome U133 Plus 2.0
Array). In addition, the expression of the pH-dependent gene
CA9 was evaluated. (Fig. 1A).

Hypoxia tracer and isolation of hypoxic xenograft tissue
In autoradiographic studies of xenograft tumors, FAZA was

used as exogenous tracer revealing hypoxic tumor areas (<10
mm Hg; ref. 33). Immediately after cryosection of the excised
tumor, autoradiography was carried out. This procedure was
carried out at !20"C to minimize degradation of mRNA. By
demarcating FAZA-positive areas (H) and FAZA-negative
areas (N) from the autoradiography a computer-assisted
(ImageGauge) 1:1 template was made to describe the hypoxic
status inside the tumor. Guided by hematoxylin and eosin
(H&E) staining of every fifth section (Fig. 1B), necrotic areas
were avoided if possible and the demarcated areas were
dissected. Tissue from multiple corresponding sections, but

representing each area, was pooled to achieve tissue for
quantitative PCR (qPCR) quantification. Every fifth tumor
section was left in total (M) before RNA extraction, cDNA
preparation, and qPCR. All sections were preserved in RNA-
later-ICE at !80"C prior to dissection.

Gene expression quantification
RNA from fresh-frozen tissue was extracted by using

RNeasy-kit (Qiagen) according to the manufacturer's instruc-
tions. RNA from FFPE tumor biopsies was extracted by using a
fully automated, bead-based RNA isolation procedure (34).
cDNA was generated by using the High Capacity cDNA
Archive kit (Applied Biosystems; ABI) and gene expression
was quantified by using qPCR. cDNA based on FFPE samples
was preamplified according to the manufacturer's details
(TaqMan PreAmp, ABI) before real time qPCR. To detect
transcripts of interest, TaqMan Gene Expression assay
(ABI) was used for all potential classifier and reference genes
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Figure 1. Identifying and validating hypoxia-responsive and pH-independent genes. A, in vitro derived genes characterized by hypoxia-induced upregulation
and insensitivity to pH fluctuations (except CA9). B and C, H&E and autoradiographic presentation of hypoxia tracer FAZA distribution in xenograft tumor,
tracer-positive area resembling hypoxic tumor tissue (H), tracer-negative area resembling nonhypoxic tumor tissue (N), total section resembling a
heterogeneous mix of hypoxic and nonhypoxic tumors tissue (M). Autoradiographic image has been optimized to enhance visualization of hypoxic areas.
D, fold upregulation in hypoxic tumor area (H) compared with nonhypoxic tumor area (N). E, fold upregulation in total heterogeneous tumor section (M)
compared with nonhypoxic tumor tissue (N).
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Oxygen Electrode



Hypoxia is Heterogeneous

Spatial and time-dependent variability confounds
the identification of clinically relevant hypoxia

Iakovlev and Hedley, 2007

Solutions: Multiple hypoxic markers (gene signatures)
Serial, whole-tumor imaging assessment



Tumor Hypoxia (pO2 electrode) and Survival

Cervical Cancer                      Prostate Cancer

Oxic

Hypoxic

Fyles et al, JCO 2002                                                Milosevic et al, Clin Cancer Res 2012

Less hypoxic
More hypoxic

Tumor hypoxia is associated with inferior survival



HIF-1α expression is associated with inferior 
survival

Jin et al, PLoS One 2015



Meta-analysis: uniform tendency for poor 
response to RT for hypoxic tumors

Horsman et al, Nat 
Rev Clin Oncol 2012

OR 0.27

Especially true for 
studies using hypoxic 
PET tracers, but also 
when hypoxia was 
indirectly identified 
using the perfusion-
based methods CT 
and DCE–MRI. 



Targeting Hypoxia in Patients

1. RT dose escalation
– “Dose painting”

2. Improved oxygen supply
– Treat anemia, hyperbaric O2, carbogen, nicotinamide

3. Hypoxic cell radiation sensitization 
(mimicks radiosensitizing properties of oxygen)

– Misonidazole, pimonidazole, nimorazole, etanidazole

4. Hypoxic cell cytotoxins (activated under hypoxic conditions)

– Tirapazamine, TH-302

5. Metabolic targeting
- Angiogenesis, O2 consumption (Metformin), DNA repair



Hypoxic modification: 
systematic review

Overgaard, J Clin Oncol 25:4066-74, 2007

Data from 86 randomized trials including 10,108 patients



Hypoxic modification: 
systematic review

Overgaard, J Clin Oncol 25:4066-74, 2007

Influence on locoregional control as a function of tumor site



1. RT Dose Escalation



Dose Painting
FAZA-PET                   Planning CT

Fused PET/CT          7F dose-painting 
IMRT

Horsman et al, Nat 
Rev Clin Oncol 2012

GTV



Dose Escalation to Hypoxic Tumor Region

Welz et al, Radiother Oncol 2022

• Randomized phase II trial in HN cancer 2009-2017

• Patients assigned treatment arm based on baseline 
dynamic F-MISO PET

Arm A non-hypoxic

Arm B hypoxic 70 Gy/35F

Arm C hypoxic 77 Gy/35F

p = 0.15



Dose Escalation to Hypoxic Tumor Region

Welz et al, 
Radiother Oncol 

2022

70 Gy to the 
macroscopic 
tumor (GTV) + 
simultaneous 
integrated boost 
of 77 Gy to the 
hypoxic volume



2. Improved Oxygen Supply



Transfusion to Correct Anemia

Apparent benefit of transfusion in cervical cancer
possibly confounded by differences in tumor size



Anemia and Tumor Hypoxia

Pre-treatment hemoglobin and hypoxia in cervical cancer

• Anemia is associated with poor clinical outcomes.
• Severe anemia (<100 g/l) may contribute to hypoxia.



Transfusion to Correct Anemia

Anemia associated with poor outcome in
head and neck cancer but no benefit of transfusion

Hoff et al, Radiother Oncol 2011

Patients with low pre-treatment hemoglobin in DAHANCA 5 RCT 
randomized to transfusion or not



Erythropoetin to Correct Anemia

Lambin et al, Cochrane Database of Systematic Reviews, 2009

Worse survival in patients receiving RT+EPO,
possibly due to stimulation of tumor EPO receptors



Carbogen and Nicotinamide

ARCON
• Accelerated RT

– Tumor repopulation

• Carbogen
– 95-97% O2, 2-5% CO2

– ↓ chronic hypoxia

• Nicotinamide
– ↓ acute hypoxia

• Promising phase I-II studies in 1990’s
– H&N, bladder, glioblastoma



ARCON in Laryngeal Cancer (Phase III RCT)

Janssens et al, JCO 2012

ARCON improved 5-year regional control (93% vs 86%)

345 patients with T2-T4 laryngeal cancer randomized to
receive accelerated RT (AR) ± carbogen and nicotinamide 

(ARCON)



ARCON in Laryngeal Cancer

Janssens, 2010

Benefit of carbogen and nicotinamide
only in patients with hypoxic laryngeal tumors

Oxic Tumors Hypoxic Tumors

79/345 patients with pimonidazole before treatment



Carbogen and Nicotinamide in Bladder Cancer

333 patients with T1-T4a bladder cancer randomized to
receive RT ± carbogen and nicotinamide

Hoskin et al, JCO 2010

Standard RT + carbogen and nicotinamide improved OS & RFS

RT

RT + CON
RT + CON

RT



Carbogen and Nicotinamide in Bladder Cancer: 
Long Term Outcomes

Hoskin et al, IJROBP 2021

10 year OS 30% in RT + CON vs 24% in RT alone patients (p = 0.08)

RT

RT + CON RT + CON

RT



Carbogen and Nicotinamide in Bladder Cancer: 
Long Term Outcomes

Hoskin et al, IJROBP 2021

Benefit of CON only in patients with tumor necrosis

RT

RT + CON

RT + CON

RT



Carbogen and Nicotinamide in Bladder Cancer: 
Long Term Outcomes

Hoskin et al, IJROBP 2021

Benefit of CON only in patients with high-hypoxia gene score

RT

RT + CON

RT + CON

RT



3. Hypoxic Cell Radiation 
Sensitization 



Hypoxic Cell Radiation Sensitizers

• Bioreductive nitroimidazole drugs
– Misonidazole, etanidazole, nimorazole

• High electron affinity
• Bind in hypoxic tumor regions and mimic 

the radio-sensitizing effect of oxygen
• Numerous phase III studies in HN cancer, 

cervical cancer and other tumors

Misonidazole



Modification of tumor hypoxic significantly 
improves the effect of RT

Overgaard, 2007

Local Control

Overall Survival



Targeting HN Cancer Hypoxia During RT

Overgaard et al, Radiother Oncol 2011



Hypoxic Cell Sensitization in HN Cancer

Overgaard et al, Radiother Oncol 1998

DAHANCA 5 (1980’s): 
422 patients randomized to RT + Nimorazole or placebo
Nimorazole ↑ locoregional control & disease-specific survival

Two ongoing validation studies (EORTC 1219 and NIMRAD)



Patient selection is crucial …

Toustrup et al, Radiother Oncol 2012

Benefit of Nimorazole only in patients with hypoxic
tumors (15 gene hypoxia signature)

Locoregional
control

Disease-specific 
survival



Hypoxia is not always important …

Benefit of Nimorazole only in patients with hypoxic
and HPV negative tumors (15 gene hypoxia signature)

Toustrup et al, Radiother Oncol 2012

HPV +

HPV -



4. Hypoxic Cell Cytotoxins



Hypoxic Cell Cytotoxins

• Bioreductive cytotoxic drugs that are 
activated under hypoxic conditions

• DNA damage leading to cell death

• Tirapazamine, TH-302

• Complement the cell killing effects of RT

• Potentiate cisplatin cell killing

• Bystander effect

• Promising results in phase I/II clinical trials 



Tirapazamine in HN Cancer (Phase III RCT)

Rischin et al, JCO 2014

HeadSTART (2000’s): 
861 patients randomized to RTCT ± Tirapazamine
No benefit of targeting hypoxia



Patient selection is crucial …

Head and Neck
Cancer

• H&N cancer
• RT with or without TPZ
• Benefit of TPZ only in patients 

with hypoxic tumors identified 
using PET imaging

Rischin et al, JCO 2006

Hypoxic, No TPZ

Oxic, TPZ

Hypoxic, TZ
Oxic, No TPZ

Local
Control



The Importance of High Quality Radiotherapy

Peters et al, JCO 2010



The Importance of High Quality Radiotherapy

Peters et al, JCO 2010

Effect of radiotherapy quality
on tumor control probability (TCP)

Technically poor radiation treatment can mask biology

Effect of TPZ with good RT

Trend in favor of improved 
tumor control



TH-302 in Pancreatic Cancer (Phase II)

Borad et al, JCO 2015

TH-302: Hypoxia activated cytotoxin

PFS was longer with Gem + TH302       No significant difference in OS
Compared to Gem (5.6 vs 3.6 mo)           

Phase III preliminary results presented at ASCO 2016: OS 8.7 vs 7.6 months, p = 0.059



5. Metabolic Targeting



Targeting the Tumor Vasculature

• Hypoxia and angiogenesis are tightly-coupled aspects of 
the tumor microenvironment.

• Hypoxia and angiogenesis are important determinants of 
outcome in patients treated with radiotherapy.

• Targeting angiogenesis may improve RT response by:
- Altering the balance between oxygen supply and consumption 

leading to reduced hypoxia.
- Offsetting RT-induced increases in HIF and VEGF as causes of 

vascular radioresistance.

Rationale for targeting the tumor vasculature to 
improve radiation treatment response:



Vascular ‘Normalization’

Modified from Jain, 2005

Normal 
Tissue Tumor 

Normal Abnormal “Normalized” Inadequate 

Angiogenesis blockade 

Probably relevant only in very specific circumstances



Targeting Angiogenesis in Cervical Cancer

-1 0 2 1 5 4 3 

Time (weeks) 

Markers of biologic response 
(pO2, IFP, DCE CT, DCE MRI, Biopsies, Blood) 

External RT + Cisplatin 40 mg/m2 

Phase I: Sorafenib dose escalation, 3 patients / dose level 

Phase II: Sorafenib at MTD 

PMH Phase I-II study of standard RTCT + sorafenib
in locally advanced cancer

Sorafenib – oral inhibitor of VEGF, PDGF, Raf
Milosevic et al, IJROBP 2016



Sorafenib Increased Tumor Hypoxia

Sorafenib reduced tumor perfusion and
increased hypoxia – study closed prematurely
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Targeting Cellular Oxygen Consumption

Metformin reduces oxygen consumption and hypoxia 

PSA (continuous), and the use of hormonal treatment
(Y vs. N) as previously described (2). All analyses were
done using SAS version 9.2 and R version 2.12.1. A two-
sided P of 0.05 was used to assess statistical significance.

As a complimentary analysis, patients with and without
record of metformin use were propensity score matched
according to a list of important clinicopathologic covari-
ates. The logit of the propensity score was calculated by
forming a logistic regression model for metformin use with
all the main effects and all two-way interactions of the
following variables: Gleason score (6 vs. 7 vs. 8–9), pre-
treatment PSA (continuous), age at the start of treatment
(continuous), follow-up time (years, continuous), biologic
equivalent dose (BED, continuous), hormone therapy (yes
vs. no), and T-category (T1 vs. >T2). The best model was
chosen using backwards selection. A one-to-one greedy
matching algorithm was performed using a width of 0.2
of the SD of the logit of the propensity score (SAS macro

gmatch available at Mayo Clinic website; ref. 20). Missing
values of covariates were excluded. Covariate balance of the
resulting cohort was assessed by ensuring all standardized
differences were less than 10 (21).

Results
Wemeasured oxygen consumption ratios (OCRs) in vitro

in the presence and absence of metformin in prostate
carcinoma (LNCaP), head and neck squamous cell carci-
noma (SCC-74B), and colorectal adenocarcinoma
(HCT116 and POP-092S) cells. Metformin caused a signif-
icant dose- and time-dependent decrease in oxygen con-
sumption in all cell lines (Fig. 1A). Substantial differences
were observed across the lines in terms of both metformin
sensitivity and response kinetics (Fig. 1B). The most met-
formin-sensitive line was the prostate cell line LNCaP,
which demonstrated a significant (P < 0.05) reduction
in respiration at an in vitro concentration of metformin

Figure 1. Metformin inhibits oxygen
consumption. A, the OCR of
LNCaP, SCC-74B, HCT116, or
POP-092S cells were measured
over time after injection of various
concentrations of metformin using
the Seahorse Bioanalyzer. Data are
normalized to basal OCR before
metformin injection and represent
3 independent experiments !
SEM. B, relative OCR compared
across the 4 cell lines at 3 hours
post-metformin injection. LNCaP
was more sensitive than other cell
lines, which was statistically
significant (P < 0.05) for doses >0.2
mmol/L metformin. C, HCT116
xenografts were excised 30
minutes after intravenous
administration of 100 mg/kg
metformin to the tumor-bearing
mice. OCR were measured on 23
pieces from each tumor, weighing
7–10mg. Data show average OCR
! SEM, n ¼ 7.

Zannella et al.
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Published OnlineFirst October 18, 2013; DOI: 10.1158/1078-0432.CCR-13-1787 typically achieved in the plasma of patients diabetes (0.02
mmol/L; Fig. 1A and B). To determine whether metformin
could also inhibit oxygen consumption in vivo, we injected
mice bearing HCT116 xenografts with 100 mg/kg metfor-
min and measured OCRs in multiple tumor pieces ex vivo.
This acutely administered dose corresponds to 25% of the
daily oral dose taken by patients with diabetes (22). Met-
formin-treated tumors demonstrated reduced rates of oxy-
gen consumption compared with controls (Fig. 1C, 7%
reduction; P ¼ 0.005). These data show that metformin
can reduce oxygen consumption in vitro and in vivo at
clinically relevant doses.
As tumor hypoxia arises in large part from oxygen con-

sumption, we determined whether metformin could
improve oxygen distribution in tumors. To this end, we
first injected tumor-bearingmice with the 2-nitroimidazole
pimonidazole (pimo) which binds and labels hypoxic cells
in the absence of oxygen. After pimo had cleared the
bloodstream (2 hours), we injected 100 mg/kg metformin
or administered carbogen, followedby injection of a second
2-nitroimidazole, EF5, along with a perfusion marker,
Hoechst. This strategy allows for detection of hypoxic tumor
cells before and after the intervention, using antibodies

specific for pimo and EF5. Using quantitative immunohis-
tochemistry (IHC; Supplementary Fig. S1A), we found that
metformin substantially reduced hypoxia in HCT116
tumors. Figure 2A shows examples of tumor sections where
hypoxic cells before treatment (pimoþ) are pseudo-colored
green, and hypoxic cells following treatment (EF5þ) are
pseudo-colored red. In untreated tumors, most cells appear
yellow as there are minimal changes in oxygenation in the
timeperiodbetween administrations of the twohypoxic cell
markers (Fig. 2A). A few cells stain for only one marker,
consistent with transient hypoxia due to changes in red
blood cell flux. In tumors frommice treatedwithmetformin
or carbogen, there was a significant decrease in EF5 (red)
relative to pimo (green), reflecting tumor reoxygenation.
Both the relative fraction of EF5 to pimo-positive cells, as
well as the EF5 to pimo intensity ratio (Fig. 2B) dropped
upon treatment with metformin. Similar results were
observed in the POP-092S colon xenograft model (Supple-
mentary Fig. S1C and S1D). There were no consistent
changes in tumor perfusion upon metformin treatment as
measured by Hoechst staining (data not shown).

IHC allows spatial analysis of the tumor microenviron-
ment with single-cell resolution, but represents only a

Figure 2. Metformin increases
tumor oxygenation. A: Mice
bearing HCT116 xenografts were
administered the hypoxic cell
marker pimonidazole (pimo) 2
hours before intravenous injection
of 100 mg/kg metformin or
carbogen breathing (95% O2, 5%
CO2), followed by administration of
a second hypoxic cell marker, EF5.
After 3 hours, tumorswere excised,
sections stained and signals
binarized. Green: Pimoþ, Red:
EF5þ, Yellow: PimoþEF5þ.
Examples from each group are
shown. Scale bar represents 500
mm. B, quantification of tumor
hypoxia across all HCT116 tumors
from IHC. Left: the ratio of EF5þ/
Pimoþ from binarized images.
Right, the intensity ratio of EF5/
Pimo from non-binarized images
(n ¼ 4–5). C: Mice bearing POP-
092S tumors were treated as in (A).
After tumor excision, cells were
dissociated and fraction of pimoþ
and EF5þ cells quantified by flow
cytometry. Examples from each
group are shown. D, quantification
of tumor hypoxia across all POP-
092S tumors from flow cytometry.
The ratio of EF5þ/Pimoþ is shown
for each separate tumor. E, groups
of mice carrying HCT116 tumors
were injectedwith 18FAZAafter 100
mg/kg metformin and imaged with
mPET. An example image is shown
on the left. Right, the average fold
change in hypoxic tumor fraction#
SEM (n ¼ 3).

Metformin Improves Tumor Oxygenation and Radiation Response
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Oxygen consumption Hypoxia (HCT116)

Zannella and Kortizinsky, Clin Cancer Res 2013

Metformin



Maybe its not that complicated …DOI:10.1093/jnci/dju036
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Modulation of Blood Flow, Hypoxia, and Vascular Function  
in Orthotopic Prostate Tumors During Exercise
Danielle J. McCullough, John N. Stabley, Dietmar W. Siemann, Bradley J. Behnke
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 Background Previous studies have hypothesized that tumor blood flow may be elevated or reduced during exercise, which 
could impact the tumor microenvironment. However, to date technical limitations have precluded the measure-
ment of tumor blood flow during exercise. Using an orthotopic preclinical model of prostate cancer, we tested 
the hypotheses that during exercise tumors would experience 1) diminished vascular resistance, 2) augmented 
blood flow, 3) increased numbers of perfused vessels, and 4) decreased tissue hypoxia and, furthermore, that the 
increased perfusion would be associated with diminished vasoconstriction in prostate tumor arterioles.

 Methods Dunning R-3327 MatLyLu tumor cells were injected into the ventral prostate of male Copenhagen rats aged 4 to 
6 months randomly assigned to tumor-bearing (n = 42) or vehicle control (n = 14) groups. Prostate tumor blood 
flow, vascular resistance, patent vessel number, and hypoxia were measured in vivo in conscious rats at rest and 
during treadmill exercise, and vasoconstrictor responsiveness of resistance arterioles was investigated in vitro.

 Results During exercise there was a statistically significant increase in tumor blood flow (approximately 200%) and num-
ber of patent vessels (rest mean ± standard deviation [SD] = 12.7 ± 1.3; exercise mean ± SD = 14.3 ± 0.6 vessels/
field; Student t test two-sided P =  .02) and decreased hypoxia compared with measurements made at rest. In 
tumor arterioles, the maximal constriction elicited by norepinephrine was blunted by approximately 95% vs con-
trol prostate vessels.

 Conclusions During exercise there is enhanced tumor perfusion and diminished tumor hypoxia due, in part, to a diminished vaso-
constriction. The clinical relevance of these findings are that exercise may enhance the delivery of tumor-targeting 
drugs as well as attenuate the hypoxic microenvironment within a tumor and lead to a less aggressive phenotype.

  JNCI J Natl Cancer Inst (2014) 106(4): dju036 doi:10.1093/jnci/dju036

It is well established that exercise elicits several health benefits and is 
an important component of comprehensive health-care strategies (1). 
Despite the recommendation of exercise for cancer patients (2,3), the 
effects of exercise on tumor blood flow or oxygenation are unknown. 
This is surprising given that the direction (eg, increase, decrease, or 
unchanged) and magnitude of any alterations in tumor blood flow are 
fundamental for interpreting any effects of exercise training on the 
growth, progression, or microenvironment of a tumor. Furthermore, 
without knowing how tumor perfusion responds to physical activ-
ity, it is difficult to predict how treatments that influence physical 
function may impact treatment outcomes. During exercise, there is 
a reduction in blood flow to most organs in the body to shunt blood 
flow to active muscle (4,5). Given that the mechanisms regulating 
tumor blood flow are complex, predicting directional changes in 
tumor perfusion or oxygenation during exercise, when regional blood 
flow is changing, is challenging. If tumor blood flow is diminished 
during exercise, the presence of hypoxic microenvironments may be 
potentiated within the tumor [eg, increased HIF-1α expression (6)], 
which is associated with the adoption of a more aggressive phenotype 

(7). Although in some animal models exercise results in an earlier 
appearance of tumors compared with sedentary groups (8) and high-
intensity exercise may increase the incidence of metastases (9), the 
majority of studies show exercise training suppresses tumorigenesis 
with chronic training (10,11). Conversely, if tumor flow is elevated 
during exercise, a reduction in tumor hypoxia would be expected 
and may have a beneficial effect on the tumor microenvironment 
[eg, slow tumor growth (11)] and potentially increase the delivery of 
tumor-targeting intravascular compounds.

 To our knowledge, there have been no reports of tumor 
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Furthermore, the majority of measurements of tumor blood flow 
in animals have been made under anesthesia, which alters tumor 
blood flow and tumor-to-tumor variability (12), making it difficult 
to extrapolate such measures to the conscious resting state, let alone 
the exercising condition. Therefore, the purpose of this investiga-
tion was to test the hypotheses, in an established orthotopic model 
of prostate cancer (13), that an acute bout of low-to-moderate 
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ment of tumor blood flow during exercise. Using an orthotopic preclinical model of prostate cancer, we tested 
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blood flow, 3) increased numbers of perfused vessels, and 4) decreased tissue hypoxia and, furthermore, that the 
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 Methods Dunning R-3327 MatLyLu tumor cells were injected into the ventral prostate of male Copenhagen rats aged 4 to 
6 months randomly assigned to tumor-bearing (n = 42) or vehicle control (n = 14) groups. Prostate tumor blood 
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Effects of exercise training on tumor hypoxia and vascular function
in the rodent preclinical orthotopic prostate cancer model. J Appl
Physiol 115: 1846 –1854, 2013. First published October 31, 2013;
doi:10.1152/japplphysiol.00949.2013.—Regular physical exercise
is considered to be an integral component of cancer care strategies.
However, the effect of exercise training on tumor microvascular
oxygenation, hypoxia, and vascular function, all of which can affect
the tumor microenvironment, remains unknown. Using an orthotopic
preclinical model of prostate cancer, we tested the hypotheses that,
after exercise training, in the tumor, there would be an enhanced
microvascular PO2, increased number of patent vessels, and reduced
hypoxia. We also investigated tumor resistance artery contractile
properties. Dunning R-3327 AT-1 tumor cells (104) were injected into
the ventral prostate of 4–5-mo-old male Copenhagen or Nude rats,
which were randomly assigned to tumor-bearing exercise trained
(TB-Ex trained; n ! 15; treadmill exercise for 5–7 wk) or sedentary
groups (TB-Sedentary; n ! 12). Phosphorescence quenching was
used to measure tumor microvascular PO2, and Hoechst-33342 and
EF-5 were used to measure patent vessels and tumor hypoxia, respec-
tively. Tumor resistance artery function was assessed in vitro using the
isolated microvessel technique. Compared with sedentary counterparts,
tumor microvascular PO2 increased "100% after exercise training
(TB-Sedentary, 6.0 # 0.3 vs. TB-Ex Trained, 12.2 # 1.0 mmHg, P $
0.05). Exercise training did not affect the number of patent vessels but
did significantly reduce tumor hypoxia in the conscious, resting
condition from 39 # 12% of the tumor area in TB-Sedentary to 4 #
1% in TB-Ex Trained. Exercise training did not affect vessel contrac-
tile function. These results demonstrate that after exercise training,
there is a large increase in the driving force of O2 from the tumor
microcirculation, which likely contributes to the considerable reduc-
tion in tumor hypoxia. These results suggest that exercise training can
modulate the microenvironment of the tumor, such that a sustained
reduction in tumor hypoxia occurs, which may lead to a less aggres-
sive phenotype and improve patient prognosis.

exercise; hypoxia; oxygenation; tumor; vasoconstriction

CANCER CELLS ARE CONSIDERED to acquire a defect in the circuits
that govern normal cell homeostasis, thereby promoting the
progressive transformation of normal cells into malignant de-
rivatives (17). Thus, cancer is a disease involving temporal
dynamic changes in vascularization and proliferative traits,
resulting in the alteration of a normal physiological environ-
ment into a tumor microenvironment (17, 44). A compilation
of available data suggests that the lack of responsiveness of
neoplasms is influenced by physiological factors (e.g., tumor
hypoxia) created, in part, by inadequate vascular networks that

impact tumor blood flow, oxygen and nutrient supply, meta-
bolic state, and pH distribution (17, 58). Hypoxia is a common
feature of prostate cancer and has been demonstrated in tumors
using a variety of measurements, including microelectrodes,
hypoxic markers, and hypoxia-associated molecules (4, 35,
59). Within prostate tumors, hypoxia is associated with local
recurrence, as well as early biochemical relapse after tradi-
tional therapeutic interventions (36). Given that prostate cancer
is the second leading cause of cancer-related death in the
United States, with an estimated "240,000 cases that will be
diagnosed in 2013 (42), interventions that can combat tumor
hypoxia are of high clinical relevance.

Regular physical exercise lowers the morbidity and mortal-
ity of many disease states and is commonly prescribed as an
integral component of cancer patient care strategies to combat
secondary complications from treatment, such as fatigue (2,
14). Despite prescription of exercise to both cancer patients
and survivors, the effect of aerobic exercise training on pros-
tate tumor oxygenation is largely unknown. For example, the
elegant studies of Jones et al. (23) have demonstrated an
upregulation of hypoxia-inducible factor 1% after exercise
training in murine orthotopic prostate tumors, suggesting ex-
ercise may exacerbate tumor hypoxia, although no direct mea-
sures of tumor oxygenation were performed. Given tumor
hypoxia has been indicated as an independent predictor for
disease progression (45), it is crucial to understand whether
exercise training can influence tumor oxygenation. Recently,
we have demonstrated that during an acute bout of exercise,
blood flow within the orthotopic prostate tumors of rats in-
creases "200% when transitioning from rest to the steady state
of exercise (32). In healthy tissues, changes in blood flow in
response to exercise are dictated by changes in vascular resis-
tance that redistribute cardiac output to tissues based on met-
abolic requirements (40). The increase in tumor blood flow
during acute exercise (32) suggests an inability of the tumor
vasculature to vasoconstrict and increase vascular resistance,
which may result in a physiological opportunity to use exercise
as a means to enhance tumor blood flow and oxygenation.
What is unknown is how chronic training affects prostate
tumor vascular function, as well as tumor oxygenation.

In tissues exhibiting impaired vascular function (i.e., spi-
notrapezius muscle with old age), exercise training increases
the basal levels of microvascular oxygenation (31) [even
though this muscle is not recruited during exercise (41)]. An
elevation in microvascular PO2 would facilitate blood-to-tissue
O2 flux under conditions of reduced intracellular PO2, such as
those observed in contracting muscle (46) or within prostate
tumors (59). In this regard, if a similar adaptation occurs within
the microvasculature of the tumor after training, there may be a
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A B S T R A C T

Purpose
To determine whether higher physical activity after prostate cancer (PCa) diagnosis decreases risk
of overall and PCa-specific death.

Patients and Methods
We evaluated physical activity in relation to overall and PCa mortality among 2,705 men in the
Health Professionals Follow-Up Study diagnosed with nonmetastatic PCa observed from 1990 to
2008. Proportional hazards models were used to evaluate physical activity and time to overall and
PCa-specific death.

Results
Among men who lived at least 4 years after their postdiagnosis physical activity assessment, we
documented 548 deaths, 20% of which were a result of PCa. In multivariable analysis, men
who were physically active had lower risk of all-cause mortality (Ptrend ! .001) and PCa mortality
(Ptrend " .04). Both nonvigorous activity and vigorous activity were associated with significantly
lower overall mortality. Those who walked ! 90 minutes per week at a normal to very brisk pace
had a 46% lower risk of all-cause mortality (hazard ratio [HR] 0.54; 95% CI, 0.41 to 0.71) compared
with shorter durations at an easy walking pace. Men with ! 3 hours per week of vigorous activity
had a 49% lower risk of all-cause mortality (HR, 0.51; 95% CI, 0.36 to 0.72). For PCa-specific
mortality, brisk walking at longer durations was suggestively inverse but not statistically signifi-
cant. Men with ! 3 hours per week of vigorous activity had a 61% lower risk of PCa death (HR,
0.39, 95% CI, 0.18 to 0.84; P " .03) compared with men with less than 1 hour per week of
vigorous activity. Men exercising vigorously before and after diagnosis had the lowest risk.

Conclusion
In men with PCa, physical activity was associated with lower overall mortality and PCa mortality.
A modest amount of vigorous activity such as biking, tennis, jogging, or swimming for ! 3 hours
a week may substantially improve PCa-specific survival.

J Clin Oncol 29:726-732. © 2011 by American Society of Clinical Oncology

INTRODUCTION

Prostate cancer (PCa) is the most frequently diag-
nosed cancer in men in the United States; however,
more than 80% of patients are diagnosed with local-
ized disease,1 with a relative 10-year survival rate of
93% for all stages combined.2 More than two mil-
lion men in the United States and 16 million men
worldwide are PCa survivors. Observational studies
report that breast and colon cancer survivors who
engage in regular activity have significantly lower
overall mortality and cancer-specific mortality
compared with survivors who are inactive,3-6 yet
no studies have examined this association in
PCa survivors.

We previously reported that vigorous activity
was associated with reduced risk of incident ad-
vanced disease7 and therefore hypothesized that vig-

orous activity may reduce the risk of PCa-specific
and overall mortality in PCa survivors. Because
walking and walking pace were inversely associated
with risk of cardiovascular disease and total mortal-
ity previously observed within this cohort,8,9 we
also hypothesized that brisk walking may reduce
the risk of PCa-specific and overall mortality. We
prospectively assessed whether activity after diag-
nosis, specifically total, nonvigorous (including
walking duration and pace), and vigorous activ-
ity, was inversely associated with these outcomes.

PATIENTS AND METHODS

Study Population
The Health Professionals Follow-Up Study is a pro-

spective study of 51,529 US male health professionals who
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Physical Exercise and Tumor Hypoxia

M. Milosevic, 2010

Acute mild-moderate exercise reduces tumor hypoxia

McCullough et al, JNCI 2014
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Targeting Hypoxia in Patients

1. RT dose escalation
– “Dose painting”

2. Improved oxygen supply
– Treat anemia, hyperbaric O2, carbogen, nicotinamide

3. Hypoxic cell radiation sensitization 
(mimicks radiosensitizing properties of oxygen)

– Misonidazole, pimonidazole, nimorazole, etanidazole

4. Hypoxic cell cytotoxins (activated under hypoxic conditions)

– Tirapazamine, TH-302

5. Metabolic targeting
- Angiogenesis, O2 consumption (Metformin), DNA repair



Objectives

• Identify ways of measuring hypoxia in human tumors.

• Describe the relationship between hypoxia in human 
tumors and clinical outcome.

• Understand ways of targeting hypoxia in human 
tumors and opportunities for future research and 
clinical development.



Summary

• Hypoxia-targeted treatment can improve clinical 
outcomes in patients receiving radiotherapy.

• Currently available hypoxia-targeted treatments 
have not permeated routine clinical practice.

• Pre-treatment selection of patients with hypoxic 
tumors who can benefit from hypoxia-targeted 
treatments is essential.

• Effective, well tolerated and easily administered 
hypoxia-targeted treatments are needed.


