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Background. Tumour hypoxia occurs as a result of an inadequate supply of blood-borne oxygen due to the
disorganized and chaotic vascular network that develops in tumours. Because tumour hypoxia has been associated with a more aggressive phenotype and lower cure rate, there is a recognized need for a method of
measuring tumour hypoxia that is suitable for widespread clinical use. The aim of the current study was to
compare the expression of Glut-1 with the binding of the bioreductive hypoxia marker pimonidazole and to
elucidate the characteristics and pitfalls when they are used as hypoxic markers.
Materials and methods. In the study, SA-1 solid subcutaneous tumours in A/J mice were treated by bleomycin given i.v. (1 mg/kg), or the application of electric pulses (8 pulses, 1400 V, 100 µs, 1Hz), or a combination of the two - electrochemotherapy. Pimonidazole was injected 16 hours before tumour excision. Tumours
were excised at different time points (0.5, 1, 2, 8, 14 and 24 hours) after therapy. Immunohistochemistry for
Glut-1 and pimonidazole adduct was carried out on two consecutive tumour sections and the percentages of
positive staining areas were determined.
Results. Glut-1 staining was membranous and typically expressed peri-necrotically, whereas pimonidazole
staining, although showing substantial co-localisation with Glut-1, was cytoplasmatic. More than 65% of
the stained areas showed a high degree of colocalization when the two markers were compared. Our results
show that Glut-1 expression significantly correlates with the level of pimonidazole binding (r = 0.41; p =
0.028).
Conclusions. Our study confirms that HIF-1 regulated genes, such as Glut-1, have potential for future use
as predictors of a decreased sensitivity of tumours to radio- and chemotherapy mediated by hypoxia.
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Measurements of oxygen partial pressure in tumours performed with microelectrodes have yielded novel information
concerning the contribution of the tumour
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oxygenation status to the course of malignant growth and have shown that the
presence of hypoxic areas to be a universal
characteristic of solid malignant tumours.1
Tumour hypoxia, mostly resulting from
poor perfusion and anaemia, is one of the
key factors for induction and development
of tumour cell clones with an aggressive
and treatment resistant phenotype, which
leads to rapid tumour progression and poor
prognosis.2,3 Tumour hypoxia has an impact on such fundamental aspects of malignancy as a) cell survival and proliferation,
b) angiogenesis, c) cancer cell invasiveness,
d) metastasis, e) resistance to apoptosis,
and f) genetic instability.4 The expression
of more than 70 genes is altered under hypoxic conditions, as a result of the change
in stability of a critical transcription factor
called hypoxia inducible factor-1 (HIF-1),
which allows a tumour to survive the harsh
tumour microenvironment.
Direct assessment with oxygen electrodes is often referred to as a gold standard, but is still considered to be an experimental tool. Since O2 microelectrode
measurements are invasive and applicable only to tumour entities accessible to
needle electrodes, there is great interest
in substitute methods for assessing of the
oxygenation status. Bioreductive markers,
such as pimonidazole, provide an alternative approach for assessing of the level and
extent of tumour hypoxia. Pimonidazole,
administered approximately 16 h prior to
tumour excision, is reductively activated in
an oxygen-dependent manner and is covalently bound to thiol-containing proteins in
hypoxic cells, forming intracellular adducts
that can be detected immunohistochemically.5,6 A clinical comparative study has recently demonstrated a correlation between
microelectrode measurements of pO2 and
the extent of pimonidazole adduct formation in carcinoma of the cervix.7 However,
studies on archived material are not possiRadiol Oncol 2009; 43(3): 195-202.

ble because the drug must be administered
prospectively.
There is an increasing need for endogenous markers to assess the presence of
hypoxia. Endogenous markers would have
additional advantages, since they do not require the application of a foreign substance
and would allow studies of oxygenation status in archival paraffin material.8 Glucose
transporter- 1 (Glut-1) is one of the proteins
upregulated in a hypoxic condition. In a tumour microenvironment, hypoxia results
in an increased transcription of the Glut-1
gene, mediated by HIF-1. Tumours show
increased uptake of glucose compared to
normal tissue and Glut-1 is responsible for
the passive transport of glucose across the
cell membrane.9 Glut-1 over-expression has
been associated with enhanced tumour aggressiveness and an unfavourable clinical
outcome in various tumour types.4 It has
been suggested that Glut-1 might represent
an intrinsic marker of hypoxia.10
The goal of our study was to compare the
expression of Glut-1 with the binding of the
bioreductive hypoxia marker pimonidazole
and to elucidate the characteristics and pitfalls when each of them is used as a hypoxic
marker. For this purpose, solid subcutaneous murine SA-1 sarcomas were treated
with hypoxia-inducible therapy (electrochemotherapy) and excised at different posttreatment times for the determination of
selected markers of hypoxia.

Materials and methods
Murine fibrosarcoma SA-1 cells and A/J
mice were used for this study. Solid subcutaneous tumours, located dorsolaterally in
mice, were initiated by an injection of 5x105
SA-1 cells in 0.1 ml 0.9% NaCl solution. Six
to 8 days after implantation, when the tumours had reached approximately 40 mm3
in volume, the mice were randomly divided
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into experimental groups. In the first group,
bleomycin (Heinrich Mack Nachf.,Illertisen,
Germany) at a dose of 1 mg/kg was injected intravenously. In the second group,
eight square electric pulses of 100 µs (at
a voltage to distance ratio of 1400 V/cm)
were delivered by two flat electrodes 8 mm
apart. In the electrochemotherapy group,
the mice were treated with electric pulses 3
minutes after bleomycin injection. Tumours
without treatment were used as controls.
The tumours were excised at different time
points (0.5, 1, 2, 8, 14 and 24 h) after
treatment with bleomycin, the application
of electric pulses or electrochemotherapy.
Pimonidazole HCl (Hypoxyprobe-1, Natural
Pharmacia International Inc.) was administered intraperitoneally to mice at a single
dose of 100 mg/kg 16 h before sacrifice and
tumour excision. Treatment protocol was
approved by the Ministry of Agriculture,
Forestry and Food of the Republic Slovenia
No. 3440-12/2009/6.
Tumour tissue specimens were formalinfixed and paraffin-embedded. Two consecutive 5 μm thick sections were cut from
each paraffin block for immunohistochemical analysis. Immunoperoxidase with diaminobenzidine tetrahydrochloride (DAB)
substrate was performed to detect hypoxic
regions indicated by the presence of pimonidazole or Glut-1. Sections were dewaxed
and hydrated in graded alcohols, rinsed in
distilled water and PBS and treated with
3% hydrogen peroxide in methanol for 10
min to eliminate endogenous peroxydase
activity and thereby prevent non-specific
reactions with DAB substrate. Sections for
Glut-1 detection were pre-treated in a pressure cooker in citric buffer (pH 6.0) and allowed to cool at room temperature for 15
minutes. Fifty microlitres of mouse monoclonal antibody raised against intracellular
pimonidazole adduct (Natural Pharmacia
International Inc) at a dilution 1/100
for 2 h or anti-Glut-1 (Alpha Diagnostic
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International) at a dilution of 1/100 for 1 h
was applied. An EnVision kit (Dako, UK)
was used for primary antibody binding detection. Immunoreactivity was visualized
with DAB, and hematoxylin was used as a
counterstain. Erythrocytes in each section
served as positive controls for Glut-1. As
negative controls, adjacent sections were
incubated in parallel with non-immune serum instead of the primary antibodies.
An Eclipse-80i (Nikon, Japan) light microscope with an attached CCD camera was
used for acquisition of images of stained
tumour sections. A semi-quantitative scoring system was applied to the Glut-1 and
pimonidazole adduct stained sections, and
a score of 0-4 was assigned for each microscopic field, representative of the approximate area of immunostaining: 0 negative,
1+ <5%, 2+ 5-15%, 3+ 15-40% and 4+ >40%.
Areas of necrosis, stroma, normal skin over
the tumour and distinct edge effects were
ignored. The overall scores used in our
study summarising pimonidazole binding
or Glut-1 expression across the tumour
was derived from the average score for all
fields. Two-tailed, Spearman’s rank correlations were used to assess the relationship
between the hypoxia markers used in our
study. A P value less than or equal to 0.05
was considered statistically significant.

Results
Electrochemotherapy with bleomycin has
been very effective in the treatment of
subcutaneous SA-1 tumours, resulting in
substantial tumour growth delay and even
a high percentage of tumour cures, compared to untreated tumours and tumours
treated with bleomycin or application of
electric pulses only, as also demonstrated
in our previous study.11
In the present study we compared two
hypoxia markers and two consecutive secRadiol Oncol 2009; 43(3): 195-202.
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Figure 1. Immunohistochemical detection of
Glut-1 in murine fibrosarcoma tumours after
electrochemotherapy. Differences between Glut-1
positive and Glut-1 negative tumour areas are seen
on large picture. Glut-1 expression is detected as
membranous staining (small square).

tions from each tumour were therefore
analysed. Glut-1 expression and pimonidazole binding were visualised by immunohistochemistry. The staining intensities
for both markers generally increased in the
vicinity of the necrotic area. Normal skin
over the tumour failed to stain for both
markers. However, strong immunoractivity exclusively to Glut-1 was found in red
blood cells. A positive reaction for Glut-1
was seen in both cytoplasm and the tumour
cell membrane. As the staining score increased, the cell membrane became more
stained (Figure 1). Pimonidazole staining
was found in the cytoplasm of tumour cells
(Figure 2). Much of the staining was concentrated around necrotic tissue, and regions that were positive for pimonidazole
were generally positive for Glut-1, although
the Glut-1 expression areas were narrower
in extent than the pimonidazole binding
areas.
In the control and bleomycin groups the
area of tumour hypoxia was approximately
10% at all time-points examined. After application of electric pulses alone, as well as
after electrochemotherapy, the extent of tumour hypoxia detected by Glut-1 or pimonidazole reached its peak after 2 h (Figure 3)
Radiol Oncol 2009; 43(3): 195-202.

Figure 2. Immunohistochemical detection of
pimonidazole bindig in murine fibrosarcoma tumours
after electrochemotherapy. Differences between
pimonidazole positive and pimonidazole negative
tumour areas are seen on large picture. Pimonidazole
bindig is detected as cytoplasmatic staining (small
square).

and lasted up to 8 h after the treatment.
After the application of electric pulses, the
recovery to pre-treatment level occurred at
14 h, whereas after electrochemotherapy the
hypoxic area started to decrease after 14 h.
However, recovery to pre-treatment level did
not occur for at least 24 h (Figure 4).
The mean and range of the marker positive fraction varied between the two markers. However, there were significant correlations (r = 0.41) between Glut-1 and pimonidazole scores (p = 0.028). The degree of
co-localisation between stained regions is
also critical in their evaluation as hypoxia
markers. More than 65% of the stained areas showed a high degree of co-localization
when the two markers were compared.

Discussion
We used two hypoxic markers, pimonidazole and Glut-1, to detect hypoxic areas
of SA-1 tumours treated with hypoxia-inducible therapy (electrochemotherapy). We
found that there is a correlation between
exogenous hypoxic marker pimonidazole
binding and endogenous hypoxia marker
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Figure 3. Glut-1 expression in representative sections
of mourine fibrosarcoma tumours two hours after
therapy with bleomycin, application of electric pulses
or electrochemotherapy.

Figure 4. Time course of Glut-1 positive area in control
tumours and after treatments with bleomycin (BLM),
electric pulses (EP) and electrochemotherapy (ECT).

Glut-1 expression, so immunohistochemical staining of endogenous hypoxic marker
can be used to track changes in tumour
hypoxia. Our results resemble those of
Russell et al., who have previously shown
that labelling hypoxic areas with the endogenous hypoxic marker carbonic anhydrase
(CA) IX can be used to detect changes in
tumour xenograft oxygenation.5 Glut-1 and
CAIX are two downstream genes regulated
by hypoxia-inducible factor (HIF)-1α and
both are considered to be endogenous hypoxia markers.
There is an intense effort to develop techniques that are able to visualize and quantify tumour hypoxia, because hypoxia can
cause resistance to radiotherapies (hypoxic
cells are 2-3 fold more radio-resistant than
aerated cells)12 and promote malignant progression. Hypoxic cells are also less accessible to nutrients and drugs, more likely to be
non-cyclic, and therefore resistant to many
forms of chemotherapy.13,14 Currently, the
two methods most widely used for direct
measurement of tumour oxygenation are an
Eppendorf polarographic oxygen electrode
and the luminescence-based optical sensor
OxyLite.15 The drawback of those methods
are their invasiveness and that they can

not distinguish a hypoxic region in viable
tumour tissue from a low oxygen level in
necrotic tumour areas.
An alternative method is immunohistochemical assessment of pimonidazole
binding, injected prior to the biopsy being
taken.16 The advantage of the immunohistochemical marker approach is that the same
or contiguous formalin-fixed tissue sections
may be examined for relationships between
hypoxia and other physiological parameters
for which immunohistochemical assays exist. In addition, histological sections permit
the study of the geographical distribution
of hypoxia, and micro-environmental factors such as blood vessels, areas of cell proliferation and angiogenesis.17 Pimonidazole
has been used for hypoxia assessment with
various xenograft tumour treatment protocols12,18, but pimonidazole must be administered 16 to 24 h before tumour biopsy and
it is likely to reflect the presence of more
long term or chronic hypoxia or, put in another way, pimonidazole may not indicate
the level of acute hypoxia.19
The discovery that tumours metabolise
sugars at an increased rate to normal tissue was made over 70 years ago. Cancer
cell energy metabolism has received interRadiol Oncol 2009; 43(3): 195-202.
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est recently, with some common oncogenic mutations having been directly linked
to the glycolytic phenotype.18 Glut-1 is one
of the glucose transporters located in the
cell membrane. It is known that increased
expression of Glut-1 is not only found in a
wide variety of tumour types, but invariably indicates a poor prognosis.20,21 It has
also been suggested that Glut-1 might represent an intrinsic marker of hypoxia.14,17
There is a fundamental drawback, in that
Glut-1 expression does not exclusively
correspond to the tumour oxygenation
status. Rather, the expression in tumour
cells might reflect the activation of other
oncogenic pathways, independent of hypoxia. In fact, two recent reports comparing oxygen tension in cervical cancers to
HIF-1α and Glut-1 expression provided
strong evidence for a regulation of these
pathways independently of hypoxia.9,22
However, Kunkel et al. recently confirmed
the value of Glut-1 expression as a predictive marker for radio-resistant squamous
cell carcinoma of the oral cavity. In addition to providing prognostic information,
data suggest that modulation of radiation
resistance by inhibition of glucose transport in the tumour may be a novel strategy
for improving the effectiveness of radiotherapy in tumours.23 The advantage of using intrinsic markers of hypoxia, such as
Glut-1, is that the approach is simple and
quick, and could potentially be applied to
a wide variety of solid tumour types.
Our results indicate that pimonidazole
and Glut-1 show a similar ability for detecting hypoxic cells. The mean tumour
area of marker positivity varied between
the two markers; however, there was a correlation between them. A small number of
studies have compared endogenous marker
expression with either oxygen microelectrode measurements or exogenous hypoxia
marker binding. There are some reports of a
lack of correlation between oxygen electrode
Radiol Oncol 2009; 43(3): 195-202.

measurements and Glut-1 expression24 or
pimonidazole binding.25 In contrast, two recent studies have shown that levels of Glut-1
expression in carcinoma of the cervix correlated with the level of tumour hypoxia,
measured using either polarographic needle
electrodes21 or pimonidazole staining.14 A
strong correlation was also observed between pimonidazole and Glut-1 in human
bladder cancer and Glut-1 was an independent prognostic factor for overall survival of these patients.22 The relationship
between marker expression and oxygen
electrode measurement is a complex one,
since these methods do not sample the
same tumour micro-environment or provide directly comparable measures of hypoxia. A general conclusion has been that
endogenous markers offer promise for the
routine measurement of tumour hypoxia
but they may not provide the same information as O2 measurements using microelectrodes or binding of chemical hypoxia
markers.26
The induction of tumour hypoxia has often been intuitively linked to an inability of
the tumour vascular network to provide a
nutritive blood supply to the rapidly proliferating tissue. Highly angiogenic tumours
should thus be well oxygenated. However,
several studies have indicated that, paradoxically, tumour hypoxia correlates with
high vascular density in vivo.27,28 It is likely
that several factors contribute to tumour hypoxia. During the rapid growth of a tumour,
an aberrant microvasculature develops. The
abnormal structure and function of the tumour microvasculature will reduce perfusion, increase the amount of fluid leaking
into the extravascular space of the tumour,
and thus increase the viscous resistance to
flow. There is currently great interest in the
relationship between tumour hypoxia and
tumour vasculature because tumour blood
vessels are an attractive target for tumour
therapy.
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In our study, we analysed tumours treated with electric pulses and/or bleomycin.
After electrochemotherapy the hypoxic tumour area (determined with pimonidazole
or Glut-1) increased to 35% within 1 h after
treatment, reaching a peak 2 h after treatment. The antitumour efficiency of electrochemotherapy is not only due to increased
cytotoxicity but also due to an anti-vascular
effect, which results in reduced tumour
blood flow and increased tumour cell hypoxia.29 It has been proposed that electrochemotherapy, in addition to the direct cytotoxic effect, also has a vascular disrupting
action.11

Conclusions
The correlations between the endogenous
hypoxia marker Glut-1 and pimonidazole
binding established in this study confirm
that intrinsic markers of hypoxia, such as
Glut-1, are a reliable means of evaluating
tumour hypoxia, which will continue to
be useful in future investigations involving
archival material from a range of sources. However, application of these markers requires careful validation against established methods, especially when many
other factors could complicate the use of
hypoxia responsive gene expression as an
indication of tumour hypoxia.
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