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Abstract

Tumour hypoxia is a well‐established factor of resistance in radiation therapy (RT).

Myo‐inositol trispyrophosphate (ITPP) is an allosteric effector that reduces the oxy-

gen‐binding affinity of haemoglobin and facilitates the release of oxygen by red

blood cells. We investigated herein the oxygenation effect of ITPP in six tumour

models and its radiosensitizing effect in two of these models. The evolution of

tumour pO2 upon ITPP administration was monitored on six models using 1.2 GHz

Electron Paramagnetic Resonance (EPR) oximetry. The effect of ITPP on tumour

perfusion was assessed by Hoechst staining and the oxygen consumption rate

(OCR) in vitro was measured using 9.5 GHz EPR. The therapeutic effect of ITPP

with and without RT was evaluated on rhabdomyosarcoma and 9L‐glioma rat mod-

els. ITPP enhanced tumour oxygenation in six models. The administration of 2 g/kg

ITPP once daily for 2 days led to a tumour reoxygenation for at least 4 days. ITPP

reduced the OCR in six cell lines but had no effect on tumour perfusion when

tested on 9L‐gliomas. ITPP plus RT did not improve the outcome in rhabdomyosar-

comas. In 9L‐gliomas, some of tumours receiving the combined treatment were

cured while other tumours did not benefit from the treatment. ITPP increased oxy-

genation in six tumour models. A decrease in OCR could contribute to the decrease

in tumour hypoxia. The association of RT with ITPP was beneficial for a few 9L‐glio-
mas but was absent in the rhabdomyosarcomas.
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1 | INTRODUCTION

Hypoxia has long been recognized as a critical factor in tumour

growth and response to therapy.1–3 Tissue oxygenation is deter-

mined by the balance between oxygen delivery to tissue and oxygen

consumption by tissue. This balance is well‐maintained in normal tis-

sues, whereas solid tumours are unable to maintain the balance as a

result of the aberrant structure and function of tumour vessels4,5

and the intense metabolism rate in tumour cells.6 In some cases,

cancer cells can use adaptive responses to escape oxygen deficiency
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and stimulate the selection for clonogenic cells with increased

hypoxia tolerance. The expansion of these cell clones can, in turn,

aggravate tumour hypoxia, thereby establishing a vicious circle of

increasing hypoxia and subsequent malignant progression. Translated

in the clinic, this vicious circle leads to more local recurrences, loco‐
regional spread, distant metastases and greater resistance to cancer

therapies.7 Particularly, tumour oxygen status has been shown to be

important for outcome following radiation; cancer patients with

hypoxic tumours have been reported to be at higher risk for radio-

therapy failure.8,9

Considering the compelling link between tumour hypoxia and

treatment outcome, efforts have been made to develop effective

hypoxia‐targeted therapies.8–14 Among these, using hypoxia modifier

that can improve tumour oxygenation during irradiation represents

one of the most attractive strategies. Recently, ITPP (myo‐inositol
trispyrophosphate), has been suggested to exert such activity. This

compound has intrinsic anti‐cancer properties as it has demonstrated

therapeutic efficacy in various animal models when used alone or

combined with chemotherapies.15–19 ITPP is an allosteric effector

that reduces the oxygen‐binding affinity of haemoglobin and may

thus facilitate the oxygen release by red blood cells.20,21 This effect

as well as a potential vascular normalization through the down‐regu-
lation of HIFs/VEGF may alleviate tumour hypoxia.15,17,18 Starting

from these previous studies, the present study was designed to

answer the following questions: (i) is the expected increase in

tumour oxygenation upon ITPP treatment a common feature among

several cancer models?; (ii) what is the time window of increase in

oxygenation induced by ITPP?; (iii) could changes in perfusion and

oxygen consumption rate (OCR) potentially contribute to the effect

of ITPP?; (iv) could ITPP improve tumour outcome when combined

with radiotherapy?

2 | MATERIALS AND METHODS

2.1 | Tumour models and ITPP treatment

Four mouse tumour models (mouse fibrosarcoma FSaII implanted in

C3H mice, mouse mammary tumour NT2 in FVb/Nrj mice, human

breast cancer MDA‐MB‐231 in NMRI nude mice and human cervix

squamous cell carcinoma SiHa in NMRI nude mice) and two rat

tumour models (rat 9L‐glioma in Fischer F344 rats and rat rhab-

domyosarcoma in WAG/Rij rats) were used. The origin of cell lines

and animals were reported elsewhere.22–25 Tumours were inoculated

subcutaneously in the thigh of animals according to the protocols

described previously.22–25 Experiments were performed when

tumours reached a diameter of 6‐8 mm (in mouse models) or 14‐
16 mm (in rat models). ITPP (kindly provided by Normoxys Inc) was

injected intraperitoneally. Doses ranged from 0.5 to 4.0 g/kg. ITPP

solution was prepared by dissolving the compound in injectable

water to the target concentration and adjusted to pH = 7 by using a

small volume of 0.1 mol/L NaOH. The experimental design included

various dosage of ITPP and various treatment schedules to explore

which regimen could offer the best oxygenation effect.

2.2 | Tumour oxygenation

An L‐bandEPR spectrometer (Magnettech, Berlin, Germany) operat-

ing at 1.2 GHz was used to evaluate the dynamic change in tumour

oxygenation upon ITPP administration. Charcoal suspension

(CX0670‐1; EM Science, Gibbstown, NJ, USA; 100 mg/mL), used as

the oxygen sensor, was introduced intratumourally (about 60 µL for

a mouse tumour and 200 µL for a rat tumour) 1 day before the

experiment. The charcoal is dispersed over the whole tumour. Dur-

ing EPR recording, animals were anaesthetized with 2% isoflurane in

air and their body temperature was maintained at 37 ± 1°C using a

circulating warm water system. This anaesthesia regimen was previ-

ously demonstrated not to disturb the haemodynamics in rodents.26

The pO2 measurements were carried out 15 minutes after the induc-

tion of the anaesthesia. The linewidth of the first‐derivative EPR

spectrum that was the average of five 1‐minute scan accumulations

was then converted to pO2 using a calibration curve.27

2.3 | Tumour perfusion

Hoechst 33342 (Sigma) staining was used to assess 9L‐glioma perfu-

sion 1 day after completion of the treatment (2 g/kg ITPP once daily

for 2 days). Rats were killed exactly 2 minutes after intravenous

injection of Hoechst solution (15 mg/kg in saline). Tumour fragments

were rapidly excised, embedded in optimal cutting temperature com-

pound and frozen in liquid nitrogen‐cooled isopentane. Frozen sec-

tions of 5 μm thickness were photographed using a Zeiss Mirax

fluorescence microscope and images were analysed using Frida soft-

ware. The percentage of tumour perfusion was calculated as the

ratio of Hoechst‐positive area to the total area of tumour sections

(no necrosis was histologically detected at this stage of tumour

development).28

2.4 | Tumour cell oxygen consumption rate

The impact of ITPP on OCR was assessed on six cell lines (FSaII,

SiHa, MDA‐MB‐231, NT2, 9L‐glioma and rhabdomyosarcoma) using

a Bruker EMX X‐band EPR spectrometer operating at 9.5 GHz and
15N‐PDT (15N 4‐oxo‐2,2,6,6‐tetramethylpiperidine‐d16‐15N‐1‐oxyl,
CDN isotopes; Pointe‐Claire, Quebec, Canada) as the oxygen sen-

sor. Cells were incubated with 10 mmol/L ITPP for a period of 2

or 6 hours. LY294002 (Invitrogen), a PI3K inhibitor, was also

included in the study at a concentration of 20 µmol/L to compare

its effect with ITPP. After harvest, cells were resuspended in cul-

ture medium at a concentration of 107 cells/mL. About 100 µL of

cell suspension was mixed with 100 µL of 20% dextran to avoid

agglomeration and then sealed in a glass capillary tube in the

presence of 0.2 mmol/L 15N‐PDT. Cells were maintained at 37°C

during the acquisition of the spectra. EPR linewidth was measured

every minute and reported on a calibration curve to obtain the

oxygen concentration. OCR was determined by the slope of the

decrease in oxygen concentration in the closed capillary tube over

time.29,30
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2.5 | Irradiation

The regimen of 2 g/kg ITPP once daily for 2 days was used. Irradia-

tion was performed 2 hours after the second administration of ITPP

(time at which tumour oxygenation was shown to be highest). Two

rat models (9L‐glioma and rhabdomyosarcoma) were employed; rats

were randomly divided into four groups: vehicle, ITPP, RT + vehicle

and RT + ITPP. Single dose of irradiation was delivered by a 137Cs

irradiator IBL‐637 (Oris, France), 20 Gy for rhabdomyosarcoma and

30 Gy for 9L‐glioma. Animals anaesthetized with isoflurane (2% in

air) were placed on a plexiglass and protected from the beam

through a lead block of 3 cm thickness while the tumours were

exposed through a hole 25 mm in diameter. The animals were

turned midway through the exposure time to enhance the uniformity

of dose distribution. Irradiation doses were selected on the basis of

their respective radiation sensitivity to ensure a significant growth

delay in the irradiation group compared to the untreated one. Treat-

ment effect was analysed based on tumour growth delay assay.

Tumours were measured on the starting day of treatment to deter-

mine the initial size and then at least twice a week until the

end‐point (time at which a tumour doubled its initial diameter).

Clonogenic assays were also performed to evaluate the radiosensiti-

zation effect of ITPP on rhadomyosarcoma and 9L‐glioma cell lines

(Supplementary Materials and Methods).

2.6 | Statistical analysis

All results were expressed as mean ± SEM. Differences between

groups were analysed using t test or Mann‐Whitney test when data

were not normally distributed. Log‐rank test was used to compare

Kaplan‐Meier curves. P < 0.05 was considered statistically significant

for all tests.

3 | RESULTS

3.1 | Impact of ITPP on tumour oxygenation and
treatment schedule optimization

A first screening of pO2 evolution upon ITPP administration was

conducted on various tumour models to assess the effect of this

compound on tumour oxygenation. The first test with 9L‐glioma and

FSaII showed a significant increase in tumour pO2, quickly within

2 hours after the injection of a single dose of 2 g/kg ITPP

(P = 0.0002 and P = 0.0014, respectively) (Figure 1A,B). The oxy-

genation increase observed in 9L‐glioma (83.6%) was much larger

than in FSaII (29.6%). This effect was maintained for 1 day before

slowly returning to baseline levels. In the next model, rhabdomyosar-

coma, another administration of 2 g/kg ITPP was added on the fol-

lowing day that further enhanced the effect (Figure 1C). The second

increase in pO2 after the second dose of ITPP was also found in

SiHa model (Figure 1D). Given the moderate oxygenation effect on

the first four models, we applied a doubled dose of ITPP (4 g/kg) to

mice bearing NT2 tumours. However, only a limited increase in pO2

(from 6 to maximum 12 mm Hg) was obtained (Figure 1E). Similarly,

we observed the accumulative effect in MDA‐MB‐231 model upon

the second injection; however, 2 hours after the first injection, the

group of 4 g/kg had no advantage over that of 2 g/kg (Figure 1F).

Rhabdomyosarcoma was then used to optimize the treatment

schedule of ITPP. To investigate if lower doses of ITPP could induce

a similar increase in oxygenation, various doses of ITPP ranging from

0.5 to 2 g/kg were injected once a day within 4 consecutive days.

The results showed an obvious relationship between the dose and

the response (Figure 2A). Dose of 2 g/kg offered the optimal effect;

however, the third and fourth doses did not induce any additional

effect. The effect of once‐daily and twice‐daily treatment was then

compared. In the twice‐daily regimen, the second dose of the day

was given at 6 hours after the first one, the treatment was lasting

for 3 days. So overall, the animals of this group received six doses of

2 g/kg in 3 days; whereas, the animals of the once‐daily treatment

group received four doses of 2 g/kg in 4 days. No difference

between two groups was observed (Figure 2B). Hence, 2 g/kg once

daily for 2 days was considered as the optimal regimen of ITPP

treatment. This optimal schedule was finally verified on 9L‐glioma.

The result showed the most elevated tumour oxygenation at 2 hours

after the second injection of ITPP as expected (Figure 2C).

3.2 | Contributing factors to increase in
oxygenation: Effect of ITPP on tumour perfusion and
OCR

Tumour perfusion 1 day following the optimal treatment (2 g/kg of

ITPP once daily for 2 days) was assessed on 9L‐glioma (Figure 3).

Areas of perfusion, corresponding to areas stained by Hoechst

33342, were not significantly different between the groups with and

without ITPP treatment. The impact of this compound on OCR of

cancer cells was then studied. As shown in Figure 4, exposure to

10 mmol/L ITPP in 2 hours significantly inhibited OCR in all six cell

lines. No further benefit was found when expanding the incubation

time to 6 hours (data not shown). Interestingly, the PI3K inhibitor

LY294002 also induced a comparable effect at the similar timing.

3.3 | Radiosensitization effect of ITPP

To investigate the radiosensitization effect of ITPP, we combined

the optimal treatment schedule of ITPP (2 g/kg once daily for 2 days)

with irradiation of 20 and 30 Gy on rhabdomyosarcoma and 9L‐
glioma, respectively. The results of tumour growth delay assay are

presented on Figure 5. In both models, ITPP monotherapy did not

affect tumour growth, as the times to reach the end‐point were

8.80 ± 0.42 days (n = 6) and 8.90 ± 0.35 days (n = 6) for the treated

and untreated rhadomyosarcomas, 15.00 ± 0.53 days (n = 8) and

14.61 ± 0.71 days (n = 8) for the treated and untreated 9L‐gliomas

respectively. When combined with irradiation, ITPP did not improve

the outcome in rhabdomyosarcomas: 19.83 ± 0.24 days for the RT +

ITPP group (n = 10) vs 18.61 ± 0.63 days for the RT + vehicle

group (n = 10). In the case of 9L‐glioma, the variation between

1910 | TRAN ET AL.



individual responses was high within the group irradiated plus ITPP.

Two different categories of response were observed in this group:

one did not benefit from ITPP treatment and the other has been

completely cured with no tumour recurrence by the end of the

experiment (n = 3). This is highlighted in the Kaplan‐Meier curves

(Figure 5 bottom panel). As a consequence of this heterogeneity of

response, the tumour growth time of the RT + ITPP group was not

statistically different compared to the RT + vehicle group

(62.26 ± 11.69 days, n = 8 vs 36.99 ± 3.41 days, n = 8). Additionally,

data from clonogenic assays showed that ITPP treatment did not

induce any significant intrinsic radiosensitization (Figure S1).

4 | DISCUSSION

Myo‐inositol trispyrophosphate has demonstrated therapeutic effi-

cacy in a wide range of animal models15–19 and shown safety in a

Phase I human clinical trial (http://normoxys.com/clinical-trial-re

sults/). Using the OxyLite system, Raykov et al found that a single

ITPP injection induced an increase in partial pressure of oxygen for

almost 1 week in pancreatic tumour xenografts.16 In another study,

Kieda et al observed a similar effect in B16 melanoma model and

4T1 mammary tumour model.15 Based on the previous results, we

decided to explore the potential benefit when combining ITPP with

radiotherapy. First, we assessed the effect of ITPP on tumour

oxygenation in a larger panel of tumour models and tried to define

the optimal dose/schedule regimen leading to a maximal increase in

tumour oxygenation. For that purpose, we used EPR oximetry,31,32 a

non‐invasive and highly sensitive technique that can provide the

quantitative absolute values of pO2 in vivo and is able to repeat the

measurements at the same site over long periods of time. Our

results obtained by EPR indicated that ITPP treatment quickly

increased tumour oxygen levels in the six tested models and reached

the maximum effect at 2 hours post‐administration. Such elevated

pO2 was sustained for at least 1 day and then gradually decreased

(Figure 1). Interestingly, a cumulative effect was found when the

second ITPP administration was given with a 24‐hours interval, but

additional administration did not lead to further increase in tumour

pO2 (Figure 2). It should be noted that the effect of ITPP was rather

moderate compared to those previously reported.15,16 This may be

because of the difference in response of different tumour models

but also because of the methods used to measure oxygen tension as

the previous studies were carried out using OxyLite. OxyLite pro-

vides dynamic oxygen measurement at a single point inside tissue,

whereas EPR reports pO2 on a larger volume as the oxygen sensor

is dispersed over the whole tumour (Figure S2).

Regarding the mechanism, ITPP is an allosteric effector that

reduces the oxygen‐binding affinity of haemoglobin and thus facili-

tates the oxygen release by red blood cells.20,21 In addition, long‐

F IGURE 1 Impact of ITPP administration on tumour oxygenation as measured by EPR oximetry in six tumour models. The arrow indicates
the injection of ITPP. (n = 3‐6/group)
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term ITPP administration has been shown to lead to vascular normal-

ization through the down‐regulation of HIFs/VEGF with a conse-

quent increase in the oxygen supply to tumours.15,17,18 To determine

possible contributing factors to the increase in oxygenation, we

assessed the effect of ITPP on tumour perfusion and on cancer cell

OCR. Considering the quick increase in tumour pO2 within 2 hours

of treatment, vessel normalization would not be expected as a mode

of action for the effect observed herein; however, an increase in

blood volume could not be excluded. Our data from Hoechst stain-

ing did not show any change in tumour perfusion in 9L glioma

model. We next evaluated if OCR could be modulated by ITPP. We

observed that ITPP significantly inhibited OCR in all six cell lines.

F IGURE 2 Optimization of ITPP treatment schedule. (A) Various doses of ITPP from 0.5 to 2 g/kg were given daily to rats bearing
rhabdomyoscoma for 4 consecutive days. (B) The effect of once‐daily and twice‐daily treatment of ITPP on rhadomyosarcoma was compared.
For the former regimen, ITPP was given at 0, 24, 48 and 72 h; for the later regimen, ITPP was given at 0, 6, 24, 30, 48 and 54 h. (C) Verifying
the optimal schedule (2 g/kg ITPP once daily for 2 days) on 9L‐glioma. The arrow indicates the injection of ITPP. (n = 4‐6/group). Each point is
the mean of measurements done in different animals

F IGURE 3 Impact of ITPP treatment
(2 g/kg once daily for 2 days) on 9L‐glioma
perfusion as assessed by Hoechst 33342
staining. Top panel: No significant
difference in Hoechst‐perfused area was
found between the groups with and
without ITPP treatment. “ns” = not
significant (n = 4‐5/group). Bottom panel:
Representative Hoechst fluorescence
images of an untreated (left) and a treated
tumour (right)
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Interestingly, ITPP has been shown to inhibit PI3K,15 and the inhibi-

tion of PI3K pathway has been proposed to reduce the cell

OCR.33,34 We suggest that the effect of ITTP on OCR could be com-

parable to other inhibitors of PI3K such as LY294002. We observed

that both compounds induced similar effects on the OCR of six cell

lines at the same timing. Our results demonstrated that ITPP was an

inhibitor of tumour cell respiration and identified the inhibition of

OCR as another contributing mechanism to the ITPP‐induced
increase in oxygenation. At this stage, the mechanism supporting the

effect of ITTP on OCR remains unknown and the hypothesis of an

effect mediated by an inhibition of the PI3K remains to be validated

in future studies. Of note, it has been suggested theoretically35 and

F IGURE 4 Impact of ITPP on oxygen
consumption rate in vitro. *P < 0.05 when
comparing the treated group with the
control group (n = 3‐8/group)

F IGURE 5 Effect of ITPP treatment (2 g/kg once daily for 2 days) on tumour growth of rhabdomyosarcoma and 9L‐glioma. Top panel: Bar
graphs showing the time for tumours to reach the end‐point. Bottom panel: Kaplan‐Meier curves showing the percentage of tumours that did
not reach the end‐point. For the cured tumours, the ending day of experiment was taken as the value of tumour growth time. “ns” = not
significant. (n = 6‐10/group)
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experimentally36 that in order to alleviate tumour hypoxia, decreas-

ing oxygen consumption should be more efficient than increasing

oxygen delivery. Interestingly, in the study of Kelly et al, blockade of

PI3K pathway was found to reduce OCR and to increase tumour

oxygenation despite no change in overall perfusion.33 This result was

quite in line with what we observed in the present study. A possible

limitation of our approach is that OCR was measured in vitro.

Although the reduced OCR of cancer cells exposed to ITPP was cor-

related to the increase in tumour oxygenation in terms of timing,

in vitro results may not translate perfectly to in vivo system.37 It will

thus be very interesting in the future to assess the impact of ITPP

on OCR in vivo. For this purpose, 17O magnetic resonance spec-

troscopy (17O‐MRS) would be the most appropriate choice to

observe the modulation of tumour OCR by ITPP.25 Multiple mecha-

nisms may play a determining role at an early stage, and then the

others may become predominant at a later stage. In this case, the

non‐invasive magnetic resonance imaging (MRI) based methods, such

as R2*‐MRI to detect deoxyhaemoglobin content38,39 and Dynamic

Contrast‐Enhanced MRI to characterize vascular network,40,41 would

be helpful to further explore the mode of action of ITPP over the

course of treatment.

Finally, the anti‐tumour properties of ITPP were investigated on

rhabdomyosarcoma and 9L‐glioma whose radiosensitivity has been

shown to be correlated with oxygenation level.42–44 When used as a

single therapy, ITPP showed no influence on tumour growth in these

two models. This result was not in accordance with those observed

previously on melanoma, hepatoma and pancreatic cancer where

tumour growth was dramatically delayed thanks to long‐term treat-

ment with weekly ITPP.15–17 However, differences in treatment

schedules make the comparison of the data in the present paper

with those published earlier very tenuous. We then combined ITPP

treatment with irradiation to explore if the increase in oxygenation

induced by ITPP could lead to a radiosensitization. We did not

observe any benefit from the association ITPP + RT in rhab-

domyosarcoma. In 9L‐glioma model, a trend towards an increase in

the response was found when combining ITPP with irradiation; how-

ever, the response was highly heterogeneous. Indeed, some 9L‐glio-
mas were completely cured, whereas the other tumours did not

respond any better. In comparison with our previous study,45 carbo-

gen breathing was able to radiosensitize a majority of 9L‐gliomas

and the degree of response was significantly correlated with oxygen

level. Such correlation could not be found herein, suggesting that

ITPP‐induced increase in oxygenation may not be the determinant

factor affecting tumour outcome. In fact, many factors and mecha-

nisms may contribute to the ultimate efficacy of radiotherapy.

Besides oxygenation status, ability of repairing DNA damage and

cancer cell repopulation following irradiation are also believed to be

an important cause of treatment failure.46–48 If ITPP actually works

via a molecular pathway related to PI3K signaling, then the radiosen-

sitizing effect of ITPP would be more complicated than just a simple

decrease in hypoxia. PI3K pathway is a key regulator of various cel-

lular functions from cell proliferation to cell survival and is implicated

in all major mechanisms of radioresistance.49,50 Several studies have

indicated the strong involvement of PI3K pathway in repairing the

radiation‐induced DNA double‐strand breaks through DNA‐depen-
dent protein kinase.51–53 In non‐small cell lung cancer, treatment

using PI3K/Akt inhibitors could change the apoptotic potential of

cancer cells and counteract cell survival, resulting in a better

radiosensitivity.54,55 However, this effect was found only in tumours

and cell lines with high level of PI3K/Akt activation. Similarly, target-

ing PI3K could only promote radiation‐induced apoptosis in breast

cancer cell lines in which this pathway is overstimulated.56 Regarding

the therapeutic efficacy of ITPP, it should be emphasized that our

study is not the first that reported the disappointing result of ITPP.

The recent work combining ITPP with radiotherapy on mice bearing

GL26157 and another one using long‐term ITPP treatment on rats

bearing RG2 glioblastoma58 have both pointed out the failure of this

compound. The fact that not all tumours could benefit from ITPP

treatment suggests that the anti‐cancer properties of ITPP may be

based on a specific signaling which is not ubiquitously expressed. To

verify this hypothesis, another study will be needed to identify the

main pathway and key elements that are critical for driving the

action of ITPP. To mimic more closely clinical irradiation protocols, it

would be interesting to use fractionated irradiation instead of a sin-

gle irradiation dose as used in the present study.

In summary, our data consistently demonstrated the increased

tumour oxygenation in six animal models upon ITPP administration.

We also showed in a proof of concept experiment that the enhance-

ment in oxygen level likely resulted from a decrease in oxygen con-

sumption rather than an increase in oxygen perfusion at least at the

early stage. The increase in tumour oxygenation induced by ITPP

only partly radiosensitized one of the two investigated models. Tak-

ing our finding together with the previous reports from the litera-

ture, ITPP possesses to some extent potential characteristics that

can be beneficial to cancer treatment. However, to take full advan-

tage of its capacity and to move further into clinical trials, a com-

plete picture on the mode of action of this compound is mandatory.

Future studies should focus on the underlying mechanism of ITPP

and on how the oxygenation effect would be involved in the ulti-

mate therapeutic efficacy of ITPP.

ACKNOWLEDGEMENTS

This work was funded by Normoxys Inc. (Boston, MA, USA). LBAT

performed the experiments, analysed data and drafted the manu-

script. AH and SD contributed the study design, data analysis and crit-

ical revision. BJ and TTCP participated in critical revision. BG

supervised the study, contributed to study design and critical revision.

CONFLICT OF INTEREST

The authors confirm that there are no conflicts of interest.

ORCID

Bernard Gallez https://orcid.org/0000-0002-5708-1302

1914 | TRAN ET AL.

https://orcid.org/0000-0002-5708-1302
https://orcid.org/0000-0002-5708-1302
https://orcid.org/0000-0002-5708-1302


REFERENCES

1. Vaupel P, Mayer A. Hypoxia in cancer: significance and impact on

clinical outcome. Cancer Metastasis Rev. 2007;26:225‐239.
2. Menon C, Fraker DL. Tumor oxygenation status as a prognostic mar-

ker. Cancer Lett. 2005;22:225‐235.
3. Knocke TH, Weitmann HD, Feldmann HJ, et al. Intratumoral pO2‐

measurements as predictive assay in the treatment of carcinoma of

the uterine cervix. Radiother Oncol. 1999;53:99‐104.
4. Carmeliet P, Jain RK. Angiogenesis in cancer and other diseases. Nat-

ure. 2000;407:249‐257.
5. Less JR, Skalak TC, Sevick EM, Jain RK. Microvascular architecture in

a mammary carcinoma: branching patterns and vessel dimensions.

Cancer Res. 1991;51:265‐273.
6. Romero‐Garcia S, Lopez‐Gonzalez JS,Báez‐Viveros JL, et al. Tumor

cell metabolism. Cancer Biol Ther. 2011;12:939‐948.
7. Vaupel P, Harrison L. Tumor hypoxia: causative factors, compen-

satory mechanisms, and cellular response. Oncologist. 2004;9(Suppl

5):4‐9.
8. Overgaard J. Hypoxic radiosensitization: adored and ignored. J Clin

Oncol. 2007;25:4066‐4074.
9. Overgaard J. Hypoxic modification of radiotherapy in squamous cell

carcinoma of the head and neck‐a systematic review and meta‐analy-
sis. Radiother Oncol. 2011;100:22‐32.

10. Bache M, Kappler M, Said HM, et al. Detection and specific target-

ing of hypoxic regions within solid tumors: current preclinical and

clinical strategies. Curr Med Chem. 2008;15:322‐338.
11. Wouters BG, Weppler SA, Koritzinsky M, et al. Hypoxia as a target

for combined modality treatments. Eur J Cancer. 2002;38:240‐257.
12. Toma‐Dasu I, Uhrdin J, Antonovic L, et al. Dose prescription and

treatment planning based on FMISO‐PET hypoxia. Acta Oncol.

2012;51:222‐230.
13. Overgaard J, Hansen HS, Overgaard M, et al. A randomized double‐

blind phase III study of nimorazole as a hypoxic radiosensitizer of

primary radiotherapy in supraglottic larynx and pharynx carcinoma.

Results of the Danish Head and Neck Cancer Study (DAHANCA)

Protocol 5–85. Radiother Oncol. 1998;46:135‐146.
14. Danhier P, De Saedeleer CJ, Karroum O, et al. Optimization of tumor

radiotherapy with modulators of cell metabolism: toward clinical

applications. Semin Radiat Oncol. 2013;23:262‐272.
15. Kieda C, El Hafny‐Rahbi B, Collet G, et al. Stable tumor vessel nor-

malization with pO2 increase and endothelial PTEN activation by

inositol trispyrophosphate brings novel tumor treatment. J Mol Med.

2013;91:883‐899.
16. Raykov Z, Grekova SP, Bour G, et al. Myo‐inositol trispyrophos-

phate‐mediated hypoxia reversion controls pancreatic cancer in

rodents and enhances gemcitabine efficacy. Int J Cancer. 2014;134:

2572‐2582.
17. Aprahamian M, Bour G, Akladios CY, et al. Myo‐InositolTrisPyroPhos-

phate treatment leads to HIF‐1α suppression and eradication of early

hepatoma tumors in rats. ChemBioChem. 2011;12:777‐783.
18. Limani P, Linecker M, Kachaylo E, et al. Antihypoxic potentiation of

standard therapy for experimental colorectal liver metastasis through

myo‐inositol trispyrophosphate. Clin Cancer Res. 2016;22:5887‐5897.
19. Derbal‐Wolfrom L, Pencreach E, Saandi T, et al. Increasing the oxy-

gen load by treatment with myo‐inositol trispyrophosphate reduces

growth of colon cancer and modulates the intestine homeobox gene

Cdx2. Oncogene. 2013;32:4313‐4318.
20. Fylaktakidou KC, Lehn J‐M, Greferath R, Nicolau C. Inositol tripy-

rophosphate: a new membrane permeant allosteric effector of hae-

moglobin. Bioorg Med Chem Lett. 2005;15:1605‐1608.
21. Duarte CD, Greferath R, Nicolau C, Lehn J‐M. myo‐Inositol trispy-

rophosphate: a novel allosteric effector of hemoglobin with high per-

meation selectivity across the red blood cell plasma membrane.

ChemBioChem. 2010;11:2543‐2548.

22. Tran L‐B‐A, Bol A, Labar D, et al. 18F‐FLT PET for early assessment of

response to radiation therapy associated with hypoxia‐driven inter-

ventions. Preclinical studies using manipulation of oxygenation and/or
dose escalation. Contrast Media Mol Imaging. 2016;11:115‐121.

23. De Preter G, Deriemaeker C, Danhier P, et al. A fast hydrogen sul-

fide‐releasing donor increases the tumor response to radiotherapy.

Mol Cancer Ther. 2016;15:154‐161.
24. Colliez F, Fruytier A‐C, Magat J, et al. Monitoring Combretastatin A4‐

induced tumor hypoxia and hemodynamic changes using endogenous

MR contrast and DCE‐MRI.Magn Reson Med. 2016;75:866‐872.
25. Neveu M‐A, Joudiou N, De Preter G, et al. 17O MRS assesses the

effect of mild hypothermia on oxygen consumption rate in tumors.

NMR Biomed. 2017;30:e3726.

26. Baudelet C, Gallez B. Effect of anesthesia on the signal intensity in

tumors using BOLD‐MRI: comparison with flow measurements by

Laser Doppler flowmetry and oxygen measurements by lumines-

cence‐based probes. Magn Reson Imaging. 2004;22:905‐912.
27. Jordan BF, Baudelet C, Gallez B. Carbon‐centered radicals as oxygen

sensors for in vivo electron paramagnetic resonance: screening for

an optimal probe among commercially available charcoals. Magn

Reson Mater Phys Biol Med. 1998;7:121‐129.
28. Cao‐Pham T‐T, Joudiou N, Hul MV, et al. Combined endogenous MR

biomarkers to predict basal tumor oxygenation and response to

hyperoxic challenge. NMR Biomed. 2017;30:e3836.

29. Diepart C, Verrax J, Calderon PB, et al. Comparison of methods for

measuring oxygen consumption in tumor cells in vitro. Anal Biochem.

2010;396:250‐256.
30. Danhier P, Copetti T, De Preter G, et al. Influence of cell detach-

ment on the respiration rate of tumor and endothelial cells. PLoS

ONE. 2013;8:e53324.

31. Gallez B, Baudelet C, Jordan BF. Assessment of tumor oxygenation

by electron paramagnetic resonance: principles and applications.

NMR Biomed. 2004;17:240‐262.
32. Khan N, Williams BB, Hou H, et al. Repetitive tissue pO2 measure-

ments by electron paramagnetic resonance oximetry: current status

and future potential for experimental and clinical studies. Antioxid

Redox Signal. 2007;9:1169‐1182.
33. Kelly CJ, Hussien K, Fokas E, et al. Regulation of O2 consumption by

the PI3K and mTOR pathways contributes to tumor hypoxia. Radio-

ther Oncol. 2014;111:72‐80.
34. Li C, Li Y, He L, et al. PI3K/AKT signaling regulates bioenergetics in

immortalized hepatocytes. Free Radic Biol Med. 2013;60:29‐40.
35. Secomb TW, Hsu R, Ong ET, et al. Analysis of the effects of oxygen

supply and demand on hypoxic fraction in tumors. Acta Oncol.

1995;34:313‐316.
36. Gallez B, Neveu M‐A, Danhier P, Jordan BF. Manipulation of tumor

oxygenation and radiosensitivity through modification of cell respira-

tion. A critical review of approaches and imaging biomarkers for

therapeutic guidance. Biochim Biophys Acta. 2017;1858:700‐711.
37. Vaupel P, Kelleher D, Thews O. Modulation of tumor oxygenation.

Int J Radiat Oncol Biol Phys. 1998;42:843‐848.
38. Robinson SP, Rijken P, Howe FA, et al. Tumor vascular architecture

and function evaluated by non‐invasive susceptibility MRI methods

and immunohistochemistry. J Magn Reson Imaging. 2003;17:445‐454.
39. Cao‐Pham T‐T, Tran L‐B‐A, Colliez F, et al. Monitoring tumor

response to carbogen breathing by oxygen‐sensitive magnetic reso-

nance parameters to predict the outcome of radiation therapy: a

preclinical study. Int J Radiat Oncol Biol Phys. 2016;96:149‐160.
40. Cuenod CA, Balvay D. Perfusion and vascular permeability: basic

concepts and measurement in DCE‐CT and DCE‐MRI. Diagn Interv

Imaging. 2013;94:1187‐1204.
41. Fruytier A‐C, Magat J, Neveu M‐A, et al. Dynamic contrast‐enhanced

MRI in mouse tumors at 11.7 T: comparison of three contrast agents

with different molecular weights to assess the early effects of com-

bretastatin A4. NMR Biomed. 2014;27:1403‐1412.

TRAN ET AL. | 1915



42. Wallen CA, Michaelson SM, Wheeler KT. Evidence for an unconven-

tional radiosensitivity of rat 9L subcutaneous tumors. Radiat Res.

1980;84:529‐541.
43. Koch CJ, Schuman AL, Jenkins WT, et al. The radiation response of

cells from 9L gliosarcoma tumours is correlated with [F18]‐EF5
uptake. Int J Radiat Biol. 2009;85:1137‐1147.

44. Curtis SB, Tenforde TS. Assessment of tumour response in a rat

rhabdomyosarcoma. Br J Cancer Suppl. 1980;4:266‐270.
45. Tran L‐B‐A, Bol A, Labar D, et al. Potential role of hypoxia imaging

using 18F‐FAZA PET to guide hypoxia‐driven interventions (carbo-

gen breathing or dose escalation) in radiation therapy. Radiother

Oncol. 2014;113:204‐209.
46. Willers H, Azzoli CG, Santivasi WL, Xia F. Basic mechanisms of ther-

apeutic resistance to radiation and chemotherapy in lung cancer.

Cancer J. 2013;19:200‐207.
47. Willers H, Dahm‐Daphi J, Powell SN. Repair of radiation damage to

DNA. Br J Cancer. 2004;90:1297‐1301.
48. Kim JJ, Tannock IF. Repopulation of cancer cells during therapy: an

important cause of treatment failure. Nat Rev Cancer. 2005;5:516‐525.
49. Schuurbiers OC, Kaanders JH, van der Heijden HF, et al. The PI3‐K/

AKT‐pathway and radiation resistance mechanisms in non‐small cell

lung cancer. J Thorac Oncol. 2009;4:761‐767.
50. Bussink J, van der Kogel AJ, Kaanders JH. Activation of the PI3‐K/

AKT pathway and implications for radioresistance mechanisms in

head and neck cancer. Lancet Oncol. 2008;9:288‐296.
51. Zhang T, Cui GB, Zhang J, et al. Inhibition of PI3 kinases enhances

the sensitivity of non‐small cell lung cancer cells to ionizing radiation.

Oncol Rep. 2010;24:1683‐1689.
52. Azad A, Jackson S, Cullinane C, et al. Inhibition of DNA‐dependent

protein kinase induces accelerated senescence in irradiated human

cancer cells. Mol Cancer Res. 2011;9:1696‐1707.
53. Kumar A, Fernandez‐Capetillo O, Carrera AC. Nuclear phosphoinosi-

tide 3‐kinase beta controls double‐strand break DNA repair. Proc

Natl Acad Sci USA. 2010;107:7491‐7496.

54. Brognard J, Clark AS, Ni Y, Dennis PA. Akt/protein kinase B is con-

stitutively active in non‐small cell lung cancer cells and promotes cel-

lular survival and resistance to chemotherapy and radiation. Cancer

Res. 2001;61:3986‐3997.
55. Gupta AK, Soto DE, Feldman MD, et al. Signaling pathways in

NSCLC as a predictor of outcome and response to therapy. Lung.

2004;182:151‐162.
56. Söderlund K, Pérez‐Tenorio G, Stål O. Activation of the

phosphatidylinositol 3‐kinase/Akt pathway prevents radiation‐in-
duced apoptosis in breast cancer cells. Int J Oncol. 2005;26:25‐32.

57. Iyengar S, Schwartz D. Failure of inositol trispyrophosphate to

enhance highly effective radiotherapy of GL261 glioblastoma in

mice. Anticancer Res. 2017;37:1121‐1125.
58. Förnvik K, Zolfaghari S, Salford LG, Redebrandt HN. ITPP Treatment

of RG2 glioblastoma in a rat model. Anticancer Res. 2016;36:5751‐
5755.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Tran L‐B, Cao‐Pham T‐T, Jordan BF,

Deschoemaeker S, Heyerick A, Gallez B. Impact of myo‐
inositol trispyrophosphate (ITPP) on tumour oxygenation and

response to irradiation in rodent tumour models. J Cell Mol

Med. 2019;23:1908–1916. https://doi.org/10.1111/
jcmm.14092

1916 | TRAN ET AL.

https://doi.org/10.1111/jcmm.14092
https://doi.org/10.1111/jcmm.14092

