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Abstract

Background and purpose: This was an investigation to study the effect of giving carbogen and nicotinamide (CON) on pO, and the
radiation response of human xenografted tumours.

Materials and methods: The human xenografts were two sarcomas (ENE2 and ES3) and a glioblastoma (HTZ17). Nicotinamide (500 mg/
kg, i.p.) was administered 60 min before pO, measurements and irradiation, while carbogen was given for 5 min before and during these
treatments. Tumour pO, was measured with an Eppendorf electrode and radiation response was assessed by local tumour control following
irradiation with 10 daily fractions.

Results: All three xenografts were found to be poorly oxygenated (about 80% of all pO, values were <2.5 mmHg). CON treatment
improved the oxygenation status in all three tumours such that 65, 52 and 71% of the pO, values were <2.5 mmHg in ENE2, ES3 and
HTZ17, respectively. However, only in ES3 was this decrease significant. The TCDs, doses for all tumours were around 52—54 Gy. No
significant improvement was seen with CON in ENE2 (TCDs, = 48 Gy) and HTZ17 (TCDs, = 56 Gy), but for the ES3 xenograft a
significant decrease to 42 Gy was found.

Conclusions: The three tumours used in this study appeared to show the same level of hypoxia as measured both by pO, and radiation
response. However, only one tumour showed a significant improvement after CON treatment, suggesting that not all hypoxic human

tumours might benefit from this type of therapy.
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1. Introduction

A major factor contributing to tumour radioresistance is
tumour hypoxia. It is now clear that experimental tumours
contain a significant proportion of hypoxic cells [27,38] and
there is increasing evidence that hypoxia is relevant in the
clinical situation [30,32]. Recently, more insight was gained
into the complex mechanism of tumour hypoxia by identi-
fying at least two distinct types, i.e. diffusion limited
chronic hypoxia, as first described by Thomlinson and
Gray [46], and perfusion limited acute hypoxia, which is
thought to result from intermittent impairment of blood
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flow [5,8]. A possible approach to reduce both types of
hypoxia is the combination of carbogen and nicotinamide
(CON). The rationale for this combination is that while
carbogen breathing increases the distance that oxygen can
diffuse from the vessels into the tumour [14,41], nicotina-
mide on the other hand appears to reduce the temporally
impaired blood flow and thus affects the proportion of
acutely hypoxic tumour cells [17]. Using this combination,
significant enhancements of radiation response both in sin-
gle doses [17] and fractionated regimes [23,39] have been
observed.

Although clinical phase I/II trials are currently being car-
ried out, pre-clinical data for human tumours radiosensi-
tized with carbogen and nicotinamide are limited. We
have now evaluated the combined use of carbogen and nico-
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tinamide (CON) treatments on the fractionated radiation
response of human tumours grown as xenografts in nude
mice. These tumours probably have growth characteristics
more relevant to the clinical situation than rodent tumours.
Furthermore, there is evidence that the vascular character-
istics of the original tumours are largely maintained in the
nude mouse model [2,48].

In addition, measurements of tumour oxygen partial pres-
sure (pO,) distributions were made with the Eppendorf
polarographic electrode to both identify the changes in
pO, induced by the CON therapy and to see how these
measurements correlated with the response to radiation.

2. Materials and methods
2.1. Animals and tumour models

Three human tumour xenografts were used, i.e. ENE2, a
human neurogenic sarcoma established from a biopsy of a
local recurrence of the primary with an average (+1 SE)
tumour volume doubling time of 2.9 (+0.2) days, ES3, a
spindle cell sarcoma established from a biopsy of the pri-
mary with a tumour volume doubling time of 2.7 (£0.4)
days, and HTZ17, a glioblastoma established from a biopsy
of the primary with a tumour volume doubling time of 5.3
(£0.4) days. Details of their derivation and maintenance
have been previously given [6,10]. The tumours were xeno-
grafted by transplanting 2—3 mm chunks into the subcuta-
neous tissue of the right hind legs of the nude mice (nu/nu of
NMRI inbred background). These mice were derived from
the central laboratory at Essen University where the breed-
ing was performed under pathogen-free conditions. For
experiments, animals were housed in the laboratory of the
Department of Radiation Oncology in laminar air flow units
and had unlimited access to water (supplemented with
chlortetracycline (10 g/l) and K-sorbate (1.35 g/1) acidified
to a pH of 3.0) and high calorie lab food. The animals were
used for experiments when they had reached an age of 6—9
weeks. All experimentation had previously been approved
by the regional animal ethics committee. All three tumour
lines were repeatedly characterized by means of DNA con-
tent, volume doubling time and isoenzyme pattern of LDH
and GPD [6]. During the experimental period no changes of
these parameters were observed, confirming the human ori-
gin of these tumours.

2.2. Breathing conditions

All pO, measurements and irradiations were performed
under gas breathing conditions. These were either air or
carbogen (95% O, plus 5% CO,). Gas breathing was started
for 5 min prior to pO, measurements or irradiation and
continued during treatment, which for the radiation experi-
ments ranged from 8 to 15 min, depending on the dose
delivered. The flow rate was 6 1/min.

2.3. Nicotinamide

Nicotinamide was freshly prepared before each experi-
ment by dissolving in sterile saline. It was injected i.p. at a
dose of 500 mg/kg mouse body weight 60 min prior to each
radiation fraction or pO, measurement. Control animals
received sham treatments.

2.4. Anaesthesia

Details of the experimental set-up used for both the irra-
diations and the invasive pO, measurements were published
previously [42]. Briefly, the mice were positioned concen-
trically to the mid-point of the experimental set-up, breath-
ing an anaesthetic gas mixture through openings in the
distributor. Enflurane (Ethrane ) was circulated by a mem-
brane pump and was mixed with air or carbogen. Further
details of the narcotic procedure have been reported [1]. A
decrease in body temperature during narcosis was avoided
by gently surrounding the animal body with a perspex tube.
In addition, two thermostat controlled fan heaters were posi-
tioned at a distance of 40 cm from the set-up during irradia-
tion. Rectal probe measurements revealed the efficacy of
these means.

2.5. pO, measurements

The invasive pO, measurements were performed with a
computerized system (KIMOC 6650, Eppendorf, Ham-
burg). The details of this technique have been previously
described [21]. Briefly, the intratumoural pO, was regis-
tered with a polarographic needle with a diameter of 300
um. The sensitive membrane-covered cathode has a dia-
meter of 12 um. Forward movements of the needle (500
wm) were immediately followed by a backward step of
200 um, in order to minimize tissue compression artefacts
[21]. Tumour oxygenation measurements were performed
along at least three tracks within one individual tumour.
Data of the same histology, tumour size and identical treat-
ments were pooled for analysis. At least 250 individual pO,
data points were obtained for statistical evaluations. Nega-
tive values ranging from -1 to 0 mmHg, which are thought
to appear due to the accuracy of the system, were treated as
belonging to the lowest class reading (0-2.5 mmHg).
Values below that range (i.e. <-1 mmHg), which usually
appear due to bending of the needle, were not observed in
our investigations. The drift was <0.4%/min. The raw data
of the pO, measurements were exported from the KIMOC
device into a personal computer and analyzed with standard
statistical software. The significance of differences between
the various treatments was assessed with the Kolmogorov—
Smirnov two-sample test [31].

2.6. Radiation treatments

Tumour-bearing legs of mice were irradiated with 15



MeV photons generated by a linear accelerator (Mevatron)
at a dose rate of 2.5 Gy/min. The focus isocentre distance
was 100 cm with field sizes of 3 x 2 cm? at the isocentre.
The remaining body of the animals was shielded by a 12 cm
thick Lipowitz’s metal shielding block, such that the whole
body dose to mice was 8% of the total tumour absorbed
dose. Field homogeneity was repeatedly checked with LiF
(lithium fluoride) thermoluminescent dosimeters. The dose
variation was found to be less than 4% over a length of 6
mm in the centre of the collimated fields, which corresponds
to the size and position of the tumours at the time of treat-
ment. The fractionated irradiation consisted of 10 fractions
given on 10 consecutive days without gaps for weekends.
The first irradiation fraction was given when the tumour
reached a volume of 110 mm®. The fraction size ranged
from 2.8 to 8 Gy.

After irradiation the tumours were observed two to three
times weekly up to 180 days after treatment. Eight to 16
mice were used for each radiation dose point. The percen-
tage of animals showing local tumour control was then cal-
culated and full radiation dose—response curves were
constructed. The dose yielding 50% local control (TCDs)
with correction for censored data was then estimated by
fitting a logistic regression to the entire dose—response
data [51]. Values in brackets represent 95% confidence
intervals.

3. Results
3.1. pO, measurements

Table 1 summarizes the results obtained with the elec-
trode measurements of pO, in the three tumour types. All
three human xenografts had a relatively low oxygenation
status, with some 80% of all the pO, values being in the
range of 0—2.5 mmHg. Treating the mice with a combina-
tion of carbogen and nicotinamide resulted in a shift in pO,
towards improved oxygenation status in all tumours. For
ENE2 and HTZ17 tumours the percentage of low values

Table 1
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(2.5 mmHg) decreased from 79 to 65% and from 82 to
71%, respectively. However, neither of these changes
were statistically significant. On the other hand, the decrease
from a value of 79% observed in the ES3 tumour under
ambient conditions to 52% following carbogen plus nicoti-
namide was significant (P = 0.04).

3.2. Fractionated irradiation

The influence of carbogen and nicotinamide on the radia-
tion response of these tumour xenografts when the radiation
was administered in a 10 fraction regime is shown in Figs.
1-3. For the ENE2 neurogenic sarcoma (Fig. 1) the TCDs,
(£95% confidence interval) derived under ambient condi-
tions was 52.3 Gy (49.2—55.7 Gy). A slight but not statisti-
cally significant radiosensitization was observed following
combined treatment with carbogen and nicotinamide, with
the TCDs, being 48.5 Gy (45.4-51.9 Gy). With the ES3
spindle cell sarcoma (Fig. 2) the TCDs for 10 fraction irra-
diations was 54.1 Gy (50.6—57.8 Gy) under ambient condi-
tions and a significant improvement in radiation sensitivity
occurred with the combined treatment, as seen by the left
shift of the dose—response curve, with the TCDs, decreasing
to 41.8 Gy (39.5-44.2 Gy). This difference between the
radiation response of control and carbogen plus nicotina-
mide-treated tumours at the TCDs, level corresponds to a
dose modifying factor of 1.3. In the HTZ17 glioblastoma
(Fig. 3) the TCDs, value derived under ambient conditions
was 52.3 Gy (48.5-56.4 Gy). No trend towards improved
radiosensitivity was observed following treatment with car-
bogen and nicotinamide. In fact the TCDs, value was
slightly higher at 55.8 Gy (50.4—61.8 Gy), but the difference
between this value and the one seen under ambient condi-
tions was not significant.

4. Discussion

Despite the disappointing clinical studies with hyperbaric
oxygen and chemical sensitizers, a recent meta-analysis

Summary of the effect of carbogen and nicotinamide (CON) on the oxygenation status of three human tumour xenografts

Tumour Condition® Nin/t° pO, (mmHg)* pO, values (%)°
Mean Median IPR¢ <2.5 mmHg <5 mmHg
ENE2 Ambient 10/360/30 27 +£22 0.7 £ 0.5 11.4 79 + 11.8 85+ 12.0
CON 10/360/30 95+738 1.5+49 22.1 65 +21.6 72 £22.8
ES3 Ambient 9/324/27 3.1 +£21 1312 9.2 79 + 6.2 87 + 14.2
CON 7/252/21 13.2 + 6.8 24+50 39.7 52 +18.2 62 +21.2
HTZ17 Ambient 8/288/24 31+22 13+1.0 9.8 82+ 10.8 89 + 124
CON 9/324/27 7.4 +49 1.6 + 4.4 11.3 71 + 18.4 78 +19.9

“Measurements of tumour pO, were made in sham treatment conditions (ambient), or 60 min after injecting nicotinamide (500 mg/kg, i.p.) and after breathing
carbogen for 5 min before and during the pO, measurements (CON).

"Values indicate the total number of tumours (N) used and the total number of measurements (n) and tracks (f) made.
°All results are means ( = 1 SE) based on the total number of animals in each group.
9Indicates the 10-90% interpercentile range.
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Fig. 1. The effect of carbogen and nicotinamide on the radiation response
of ENE2 neurogenic sarcoma. Tumours were locally irradiated with 10
daily fractions either under ambient conditions (O) or after injecting the
mice with nicotinamide (500 mg/kg, i.p.) 60 min before irradiating and
gassing with carbogen for 5 min before and during the irradiation treat-
ment (H). Results show local tumour control as a function of the total
radiation dose for an average of eight mice per group. Lines were fitted by
logit analysis and the errors show 95% confidence intervals on the TCDs,
values.

involving more than 10 000 patients showed that strategies
designed to reduce tumour hypoxia can improve survival
and local tumour control following radiotherapy [33]. A
more recent approach to overcoming hypoxia-related radio-
resistance is the use of carbogen and nicotinamide (CON),
especially when combined with accelerated radiotherapy
(ARCON) [9,40]. In murine tumours CON has been
shown to be a very effective radiosensitizing treatment
both in single [17] and fractionated regimes [23,39]. How-
ever, limited data are available on the oxygenation and
radiosensitivity of human tumour xenografts with CON.

The computerized pO, histograph (KIMOC 6650, Eppen-
dorf, Hamburg) is increasingly used in the clinic to inva-
sively measure tissue oxygenation. The available data show
a huge variability of pO, even in identical histological types,
with a trend towards low pO, values in most patients
[12,15,50]. Since the polarographic system only investi-
gates a small tumour volume and is unable to distinguish
between viable hypoxic (stem cells) and necrotic areas irre-
levant for the risk of recurrence, the relevance of the system
remains controversial [19,22]. However, several clinical
studies do indicate a correlation between initial pO, values
and local control or survival [13,15,30].

The experimental tumours investigated in this study were
characterized by a large proportion of low pO, readings;
about 80% of all readings were <2.5 mmHg, where the
sensitizing effect of oxygen is less than half maximal [49].

In our system the animals were anaesthetized during
treatment, which may have been a factor that could have
contributed to the low values, since data from both normal
tissues and tumours show that anaesthetics may affect the
radiation response by modification of oxygenation [16,27,

34,47]. This effect is also different with different times and
durations of anaesthetics [29]. However, we used enflurane
and two studies have specifically investigated the effect of
this narcotic on oxygenation. Neely et al. [28] measured
inner retinal oxygen tension in cats under general enflurane
narcosis under normoxic conditions and found that enflur-
ane anaesthesia did not cause hypoxia of the inner retina in
cats breathing 21% inspired oxygen, indicating a limited
effect of the drug on the oxygenation status of tissues.
Also, in murine lip mucosa no significant effect of enflurane
on radiation response could be observed for fractionated
irradiation [43].

Furthermore, our values are not inconsistent with those
found in other murine and xenografted human tumours
[3,7,45,52]. Tumours with low pO, values are also often
seen in the clinical situation [4,12,15,25,30].

In the present study, we also investigated the effect of
CON on the oxygenation status of the human tumour xeno-
grafts. An improvement was seen in all three tumours, but it
was only significant in ES3. This was also the only tumour
in which we found a significant improvement in radiation
sensitivity following a 10 fraction irradiation schedule. The
enhancement ratio at the TCDs, level was 1.3. Similar
values have been seen in other experimental systems for
both murine tumours [17,23,39] and even human xenografts
[20,44]. In the study by Kaanders et al. [20] an enhancement
ratio of 1.3 was found for a human larynx carcinoma xeno-
graft following single dose irradiation and CON. In a multi-
fractionated regime (five and 20 fractions), Sun et al. [44]
also reported an enhancement ratio of 1.3 for a human glio-
blastoma xenograft after combined treatment with carbogen
and nicotinamide. What is not known is whether the 1.3
enhancement we obtained in the ES3 tumour was the result

Fig. 2. The effect of carbogen and nicotinamide on the radiation response
of ES3 spindle cell sarcoma. Tumours were locally irradiated with 10 daily
fractions either under ambient conditions (O) or after injecting the mice
with nicotinamide (500 mg/kg, i.p.) 60 min before irradiating and gassing
with carbogen for 5 min before and during the irradiation treatment (H).
Results show local tumour control as a function of the total radiation dose
for an average of eight mice per group. Lines were fitted by logit analysis
and the errors show 95% confidence intervals on the TCDs, values.



Fig. 3. The effect of carbogen and nicotinamide on the radiation response
of HTZ glioblastoma. Tumours were locally irradiated with 10 daily frac-
tions either under ambient conditions (O) or after injecting the mice with
nicotinamide (500 mg/kg, i.p.) 60 min before irradiating and gassing with
carbogen for 5 min before and during the irradiation treatment (H). Results
show local tumour control as a function of the total radiation dose for an
average of eight mice per group. Lines were fitted by logit analysis and the
errors show 95% confidence intervals on the TCDs, values.

of the combination of carbogen and nicotinamide, or due to
the action of just one of the treatment modalities. For ENE2
and HTZ17 xenografts we found no enhancement of frac-
tionated radiation damage following treatment with carbo-
gen and nicotinamide, despite the fact that both the pO, and
radiation response data obtained under ambient conditions
suggested that they were as hypoxic as the ES3 tumour. A
similar lack of radiosensitization by carbogen and nicotina-
mide has been reported in an RIH tumour [36], again
despite this tumour containing radiobiological hypoxia.
Such results suggest that not all hypoxic tumours will neces-
sarily respond to treatment with carbogen and nicotinamide.

Clinically, there are little data as yet available on the
ability of CON to influence radiation damage. Several stu-
dies on brain tumours have suggested little or no benefit of
this combination [11,24,35]. However, although low pO,
values have been measured with the Eppendorf system in
brain tumours [37], there is no evidence to suggest that
radiobiological hypoxia influences the outcome of this site
[18]. On the other hand, there is clear evidence of such a role
for radiobiological hypoxia in head and neck tumours
[13,30,33] and that the oxygenation status can be modified
by carbogen breathing at least [26]. Thus, it is not surprising
that preliminary studies in this site are beginning to indicate
an improvement in radiation response following treatment
with carbogen and nicotinamide [20]. The results from our
current study clearly support the continued use of this type
of treatment in specific human tumours.
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