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CHANGES IN TUMOR OXYGENATION/PERFUSION INDUCED BY THE NO
DONOR, ISOSORBIDE DINITRATE, IN COMPARISON WITH CARBOGEN:
MONITORING BY EPR AND MRI
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Purpose: In an effort to improve radiotherapy treatments, methods aimed at increasing the quantity of oxygen
delivered to tumors were investigated. The aim of this study was to evaluate the effect of one nitric oxide (NO)
donor (isosorbide dinitrate) on pO, and blood flow in a murine tumor model. The effect was compared to
carbogen, used as a reference treatment.

Methods and Materials: Thirty-six liver tumors implanted in mouse thighs were imaged using magnetic
resonance imaging (MRI) at 4.7 Tesla with dynamic Gd-DTPA and blood oxygen level-dependent (BOLD)
contrast-enhanced imaging after administration of isosorbide dinitrate or carbogen. The effect on the pOwas
also tested by EPR oximetry (1.1 GHz) on 52 mice.

Results: A significant increase in MRI intensity was observed for both treatments in comparison with the control
group. EPR oximetry showed a dose-dependant increase in tumor pJor isosorbide dinitrate (by 5.9 mmHg at
0.2 mg/kg) and a substantially greater change for carbogen breathing (by 23 mmHg).

Conclusion: Both tumor blood flow and pO, were increased by isosorbide dinitrate and carbogen. Carbogen is
more efficient than isosorbide dinitrate in increasing the BOLD image intensity, as well as the tumor pQ but
as efficient as isosorbide dinitrate in the Gd-DTPA contrast-enhanced imaging. We conclude that the effects of
carbogen on improving tumor pO, involve both improved blood flow and improved hemoglobin oxygenation,
whereas the effects of isosorbide dinitrate are predominantly mediated by improved blood flow alone. © 2000
Elsevier Science Inc.

Nitrovasodilators, Oxygenation, Blood flow, Tumor, Magnetic resonance.

INTRODUCTION It has been shown that carbogen breathing enhances the
o radiosensitivity of rodent and human tumors (4, 5). Carbo-
The most limiting factor for complete control of tumors by gen is thought to reduce chronic hypoxia by increasing the

radiotherapy is the presence of hypoxic cells in tUmors, 56 nt of dissolved oxygen in blood plasma and by satu-
which are about three times more resistant to radlotherapyr(,ﬂing hemoglobin with oxygen. In addition, the acidifica-

than normoxic cells (1). In consequence, radiation therapy,[ion of blood and tissue due to the G@omponent of

of tumors is largely dependent on oxygen concentration, . ;

. . carbogen may cause increased systemic blood pressure and
which is mainly governed by local blood flow. The area of vasodilation of microvessels possessing responsive smooth
interest is radioresistance caused by hypoxia, which is the . P g resp i

musculature, which can change tumor blood perfusion (6).

result of two mechanisms: diffusion-limited or chronic hyp- ) . )
oxia (2), due to reduced oxygen diffusion to regions distant Our group recently investigated different classes of vasoac-

from the tumor blood vessels, and acute hypoxia due to tive agents able to modulate the pid tumors by electron
transient occlusion of vessels (3). Therefore, methods aimedParamagnetic resonance (EPR) oximetry (7). In this prelim-
at increasing the amount of oxygen delivered to tumors are inary study, the class of nitric oxide (NO) donors was one of
under investigation. Studies assessing tumor blood flow andthe most effective, with a significant increase of the tumor
oxygenation during the administration of pharmacological oxygenation 30 min post-treatment in a majority of tumors.
vasoactive agents or carbogen breathing could be of great NO is an endogenous vasodilator and is believed to be the
clinical value. main EDRF (endothelium-derived relaxing factor), contrib-
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uting to cardiovascular homeostasis. Nitrovasodilators are standard experiment showing the effect of carbogen (4
NO donors that also cause vasodilation through release ofL/min) was achievedn(= 10) and a control experiment was
NO in vivo. It has been reported that systemic administra- carried out using 0.9% NaCh(= 10).
tion of an NO donor (SIN-1:3-morpholinosydnonimine-N-
ethylcarbamide) to mice bearing the SCCVII/Ha tumor im-
proved the energy level in tumors and produced an 3—4-fold MRI experiments
increase in the response of tumors to X-rays (8). Con- MRI acquisition was performed with a 4.7 Tesla Bruker
versely, the NO synthase inhibitor nitro-L-arginine induced Biospec experimental imager.
a 3-5-fold increase in tumor resistance (9). Gd-DTPA contrast-enhanced MRI was carried out using

The aim of this study was to characterize the effect of a spin-echo T1-weighted pulse sequence. The data acquisi-
isosorbide dinitrate administration on the tumor,@@d the tion parameters, repetition time (TR), echo time (TE), flip
tumor blood flow in a murine model. The effect was com- angle ), slice thickness (ST), field of view (FOV), number
pared with carbogen breathing, used as a reference treatof averages (NA), and matrix size were as follows: ¥R
ment. This effect was evaluated using EPR oximetry, Gd- 380 ms, TE= 9 ms, ST= 2 mm, FOV= 6 cm, NA = 6,
DTPA contrast-enhanced dynamic MRI, and the MR blood and matrix size= 128 X 128. The total data acquisition
oxygen level-dependent (BOLD) contrast method. These time was 4 min, 55 s for each image series. Three precon-
methods were previously used to assess modifications oftrast images were acquired before injection of the contrast
local pO, (partial oxygen pressure) as well as perfusion of agent. The i.v. injection of Gd-DTPA (0.1 mmol/kg) and
the tumors (10, 11). A preliminary dose-effect curve was either i.p. injection of isosorbide dinitrate (0.2 mg/kg, 240
carried out for isosorbide dinitrate with EPR oximetry to ul of diluted solution injected for a 30-g mouse,= 9) or
determine the most efficient intraperitoneal (i.p.) dose. carbogen breathing (4 L/mim = 9) were simultaneously
carried out. A total of 9 contrast-enhanced images for each
mouse were obtained. A control experiment was performed
with the contrast agent alone (Gd-DTPA 0.1 mmol/kgs

A transplantable mouse liver tumor model (TLT) with 9).
low pO, was implanted in the thighs of mice, as described BOLD images were acquired using a regular gradient-
elsewhere (7, 12, 13). To restrain the mice during the echo (GE) pulse sequence. The raw data acquisition param-
experiments, anesthesia was first induced by an i.p. injectioneters were: TR= 120 ms, TE= 20 ms,a = 60°, FOV =
of ketamine (80 mg/kg)/xylazine (8 mg/kg), and maintained 6 cm, matrix size= 128 X 128, NA= 8, and ST= 3 mm
with ketamine alone (30 mg/kg). The mice were placed in a through the tumor center. The total data acquisition time

METHODS AND MATERIALS

bird cage to position the tumor in the center of the coil. ~ was 2 min, 2 s per slice. As in the Gd-DTPA experiment, 9
mice were used for each group (control, carbogen, and
Treatments isosorbide dinitrate). Five BOLD images were first acquired

Isosorbide dinitrate (Cedoca&dByk Belga, 1 mg/mL for to establish the baseline; isosorbide dinitrate or carbogen
i.v. injection), was diluted in saline (to 1 mg/40 mL) for was then administrated and the image acquisition continued

further use. for 30 min.
Carbogen was flushed (4 L/min) through the bird cage  For both MRI techniques, a preliminary anatomical rapid
where the mouse was positioned. T, image (RARE sequence: TR 1500 ms, TE= 11.5 ms,
NA = 4, echo train length= 8, and acquisition time= 1
EPR oximetry min, 41 s) was acquired to define a region of interest

EPR spectra were recorded using an EPR spectrometeencompassing the whole tumor. This ROl was next further
(Magnettech, Germany) with a low-frequency microwave copied to the corresponding T1-weighted and BOLD im-
bridge operating at 1.1 GHz and extended loop resonatorages. To eliminate external sources of variation, the signal
(14). Charcoal (Charcoal wood powder, CX0670-1, EM intensity was reported to a reference that was placed near
Science, Gibbstown, NJ) was used as the oxygen-sensitivethe mouse in the coil.
probe in all experiments. Calibration curves were made by
measuring the EPR line width as a function of the, {Tb).

TLT mice were injected in the center of the tumor (8-mm

diameter) using the suspension of charcoal (100 mg/mL, 50

wl injected, 1-25-micron particle size). The EPR measure- EPR oximetry

ments were started 2 days after the injection. The tumor The tumor pQ was modified by injection of isosorbide
under study was placed in the center of the extended loopdinitrate. The effect is dose-dependant (Fig. 1). Three doses
resonator in which sensitive volume extends 1 cm into the were tested by EPR oximetry. In Table 1, the results are
tumor mass. EPR recordings were acquired before and 30presented as the proportion of responsive tumors. Megn pO
min after the administration of the vasodilator. A set of 14 before and 30 min after treatment are also presented. A
experiments for each of the three doses of isosorbide dini-tumor was considered responsive when, p@s elevated by
trate tested was carried out for the dose-effect study. A an arbitrary additional 3 mmHg after a 30-min treatment, as

RESULTS
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Fig. 1. EPR oximetry: effect of isosorbide dinitrate on TLT mean tumoy f@ean= SD) is a function of the dose.
Solid circles= control (0.9% NaCl). Open squares 0.04 mg/kg isosorbide dinitrate. Open triangtes0.1 mg/kg
isosorbide dinitrate. Open diamones0.2 mg/kg isosorbide dinitrate.

it is well documented that the radiosensitivity of cells dra- sumed that it would be possible to avoid secondary effects
matically increases when the p@ higher than 3-5 mmHg  of the drug at the same time. Carbogen breathing also
(which corresponds to half of the maximal effect) (16). The induced a significant increase of the tumor oxygenation in
initial pO, observed in the center of TLT tumors was very all tumors tested. The mean p®@eached after carbogen
low (0—4 mmHg) (7). The absence of response was con- breathing was higher than after isosorbide dinitrate admin-
sidered as an increase below 1 mmHg. The most efficientistration. No significant change of p@vas observed in the
dose tested (0.2 mg/kg with 11 of 14 responding tumors) control experiment.

was selected for all MRI experiments. It was shown by EPR

measurements that tumor p@ramatically increased after Gd-DTPA contrast-enhanced MRI

the administration of isosorbide dinitrate. Both the ,pO The results of T1-weighted dynamic Gd-DTPA contrast-
reached after injection and the time course of increasing enhanced images are shown in Fig. 2. The post-contrast
pO, were quite variable from one tumor to another. The images presented a higher contrast enhancement in isosor-
effect of higher doses of isosorbide dinitrate was not tested bide dinitrate- or carbogen-treated groups than in the control
in this study. The aim was to show the possible effect of the group (ANOVA, p < 0.01). As in the EPR experiment, the
NO donor on tumor oxygenation and perfusion at a minimal rate and the degree of increase in signal enhancement were
relevant dose for radiosensitizatiarg., increasing the tu-  quite variable from one tumor to another, but higher in
mor pO, above 5 mmHg. Using a minimal dose, we as treated groups than in the control group. There was no

Table 1. Dose-dependent effect of isosorbide dinitrate in comparison with carbogen,am POT tumors

pO, (*+ standard error) pO, (*+ standard error)
before treatment 30 min after treatment Reponsive tumofs
Treatment (mmHg) (mmHg)* (n)

Isosorbide dinitrate

0.04 mg/kg 1.29+ 0.25 2.26x 0.35 0% (14)

0.1 mg/kg 1.91+ 0.28 4.78+ 0.56' 54% (13)

0.2 mg/kg 2.05+ 0.37 6.95+ 0.83 79% (14)
Carbogen

4 L/min 1.01+ 0.32 24.17+ 5.06" 100% (10)
Control

0.9% NaCl 2.05t 0.56 2.82+ 0.29 0% (10)

*Significant difference before and after treatmetrtieist): 'p < 0.05;*p < 0.01;%A tumor is considered responsive whenfi®elevated
by an arbitrary additional 3 mmHg after a 30-min treatment.
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Fig. 2. Gd-DTPA contrast-enhanced MRI. Signal enhancement (meab, n = 9) as represented as a function of the
time for each treatment. Open triangle s% (y-axis) corresponds to the percent variation in signal intensity at each time,
normalized to the mean intensity of the three pretreatment images (considered as 0% of increase). Open circle
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isosorbide dinitrate (0.2 mg/kg). Open squarecarbogen (4 L/min)X = control.

significant difference between the effect of isosorbide dini- mean intensity of the three pretreatment images (mean is
considered 0% of increase). These high-resolution im-
ages demonstrate the frequent heterogeneous distribution
of vascular response throughout the tumor. Signal inten-
Both treatments also induced increases in the BOLD sity increased during treatments, while it remained at the
image intensity of tumors. The change in average image pretreatment level in the control group. Although we
intensity is shown in Fig. 3. Each point corresponds to the observed a significant difference between the effect of
increase in signal intensity at each time normalized to the isosorbide dinitrate and carbogen concerning the degree

trate and that of carbogen.

Bold MRI
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Fig. 3. BOLD imaging: evolution of the image intensity changes (me&a8D, n = 9) as a function of time. Open
triangle s% (y-axis) corresponds to the percent variation in signal intensity at each time normalized to the mean intensity
of the five pretreatment images (considered as 0% of increase). Open=eiistisorbide dinitrate (0.2 mg/kg). Open
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square= carbogen (4 L/min)X = control (0.9% NaCl).
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of increase in BOLD signal intensity (ANOVAp < pound on tumor oxygenation and perfusion. This effect
0.01), both treatments were effective. Resumption of air was compared with carbogen. As observed in the Gd-
breathing after 30 min of carbogen breathing caused a DTPA study, the two treatments seem to induce the same
fall-off in signal intensity to the level of the baseline in effect on tumor blood flow. Conversely, the effect on the
maximum 10 min (data not shown). tumor pQ, is significantly higher for carbogen than for
isosorbide dinitrate, as shown by EPR oximetry. BOLD
imaging is predominantly used for detecting changes in
T,, which is sensitive to the blood deoxyhemoglobin
As the initial pQ, observed in the center of the TLT concentration, but is also sensitive to flow (20). The
tumors is very low (but not necrotic, as observed in higher rate and degree of increase in BOLD image inten-
histological studies), this model of murine tumor is very sity for carbogen than for isosorbide dinitrate can be
sensitive to subtle increases of local p@nd is conve explained by an important effect of the hemoglobin sat-
nient for evaluating the efficacy of treatments aimed at uration caused by the {rontent of carbogen. Isosorbide
increasing the tumor oxygenation (7). EPR oximetry is dinitrate can be identified as an interesting modifier of the
helpful in measuring treatment-induced modifications of pO,, and also of the tumor perfusion.
pO, in tumors because changes of tissue oxygenation can A probable additional effect of isosorbide dinitrate on
be monitored with a paramagnetic material that is sensi- blood rheology has to be considered. Indeed, the effect of
tive to variations of 1 mmHg in tissues. Using this nitrovasodilators on blood viscosity has already been
technique, it was possible to demonstrate a significant studiedin vitro andin vivo. Both the blood cell shape and
effect of isosorbide dinitrate and carbogen treatments onthe blood viscosity are influenced vitro by some nitro-
tumor pG,. Changes in blood flow induced by carbogen vasodilators (21).In vivo, it has been observed that
or isosorbide dinitrate are believed to be the main factor isosorbide dinitrate improved hemodynamic parameters
increasing tumor pQ as the T1l-weighted contrast im  and wall viscoelastic properties in case of atherosclerosis
ages, which are sensitive to increase in blood flow, indi- (22). This effect could be important by decreasing the
cate a higher contrast enhancement after treatmentstransient occlusion of vessels (acute hypoxia).
However, Bussinket al. observed a significant decrease NO has recently been evaluated as a potent radiosen-
in tumor blood flow during carbogen breathing in one of sitizer of tumor cells (23). The ability of the gas NO to
the two tumor lines studied (SCCNij3 but not for SCC- radiosensitize hypoxic tumor cells appeared to be equal
Nij19), suggesting a difference in vascular responsive- to that of oxygen, whereas chemical NO donors possess
ness between various tumor lines (17). In the RIF-1 variable activity, depending on the mechanism and rate
tumor, Honess and Bleehen observed an increase in blootbf NO generation (24). The activation of inducible NO
perfusion during carbogen breathing (18). In addition, synthase by IFNy resulted in radiosensitization of hy-
changes in tumor blood flow caused by external factors poxic EMT-6 tumor cells. The evidence was provided
are greatly influenced by the structural relationship be- that NO was the molecule responsible for the increased
tween vascular beds of tumor and surrounding normal radiosensitivity (25). The NO donor S-nitroso-N-
tissues. Because the majority of tumor vessels are unableacetylpenicillamine (SNAP) has been demonstrated to
to autoregulate (except those incorporated from normal generate NO by bioreduction and at radiobiologically
tissues), modifications of tumor blood flow are mainly active concentrations (26). To date, no clear rationale
due to changes in blood flow in adjacent normal tissues exists on how to extend the promising radiosensitizing
and arterial blood pressure. When the vascular beds inproperties of NO in cell culture tin vivo applications.
tumors are in parallel with those in normal tissues, It would be interesting to test the radiosensitive effect
changes in perfusion would be opposite; an increase inof isosorbide dinitrateln vivo, the radiosensitivity ef-
normal tissue blood flow due to vasodilation would shunt fect of NO could be enhanced by the flow effect pro-
away the blood flow from the tumor to the normal tissue, duced by these compounds and the consequent increase
resulting in a decrease in tumor blood flow (steal effect). of pO..
Conversely, when the tumor blood flow is in series with
the normal tissue blood flow, changes are similar because
the blood that leaves the normal tissue vascular bed CONCLUSION
directly flows into the tumors (19). This is the main
reason why the potential effect of vasodilators on tumor In conclusion, it is suggested that isosorbide dinitrate
perfusion is a controversial topic; in many tumors, series could be of great interest in the modification of the tumor
and parallel types may be mixed or combined. Modifi- response to irradiation, as we observed significant effects on
cations of tumor perfusion vary depending on the relative tumor blood flow and p@in experimental tumor models. A
contribution of these two types. combination of EPR and MRI techniques is a convenient
Using these three complementary methods, we weretool to study the modifications of tumor parameters and to
able to show the potential effect of an NO donor com- differentiate the effects on pCand blood flow.

DISCUSSION



570

10.

11.

12.

13.

14.

. Griffin RJ, Okajima K, Ogawa Aet al. Radiosensitization of

. Wood PJ, Sansom JM, Stratford Bt al. Modification of

1. J. Radiation Oncolog® Biology ® Physics

Volume 48, Number 2, 2000

REFERENCES

. Hall EJ. Radiobiology for the radiologist. Philadelphia: J.B. 15.

Lippincott Company; 1994. p. 133-152.

. Thomilson RH, Gray LH. The histological structure of some

human lung cancers and the possible implications for radio-

therapy.Br J Cancer1955;9:539-549. 16.

. Chaplin DJ, Durand RE, Olive PL. Acute hypoxia in tumors :

Implications for modifier of radiation effectdnt J Radiat
Oncol Biol Phys1986;12:1279-1282.

two murine tumors with wild mild temperature hyperthermia
and carbogen breathinint J Radiat Bioll999;75:1299-1306.

. Hoskin PJ, Saunders MI, Dische S. Hypoxic radiosensitizers

in radical radiotherapy for patients with bladder carcinoma:
Hyperbaric oxygen, misonidazole, and accelerated radiother-
apy, carbogen, and nicotinamideancer1999;86:1322-1328.

18.

. Van der Sanden BPJ, Heerschap A, HoofatLal Effect of

carbogen breathing on the physiological profile of human 19.

glioma xenograftsMagn Reson Med999;42:490—-499.

. Gallez B, Jordan BF, Baudelet @ al Pharmacological

modifications of the partial pressure of oxygen in murine
tumors: Evaluation using in vivo EPR oximetiylagn Reson
Med 1999;42:627—-630.

20.

. Wood PJ, Stratford 1J, Adams GIei al. Modification of

energy metabolism and radiation response of a murine tumor 21.
by changes in nitric oxide availabiliyBiochem Biophys Res
Commun1993;192:505-510.

22.
metabolism of transplantable and spontaneous murine tumors
by the nitric oxide synthase inhibitor nitro-L-argininkat J
Radiat Oncol Biol Phy4994,29:433—-437.

Muruganandham M, Kasiviswanathan A, JagannathanellR,
al. Diltiazem enhances tumor blood flow: MRI study in a
murine tumor. Int J Radiat Oncol Biol Phys 1999;43:413-421.
Goda F, Bacic G, O’Hara J&t al. The relationship between
pO, and perfusion in two murine tumors after x-ray irradia
tion: A combined Gd-DTPA dynamic MRI and EPR oximetry
study.Cancer Redl996;56:3344-3349.

Taper H, Gooley GW, Teller MNet al. A new transplantable
mouse liver tumor of spontaneous origibancer Resl966;
26:143-148.

Taper H, Keyeux A, Roberfroid M. Potentiation of radiother-
apy by non toxic treatment with combined vitamins C and K3
in mice bearing solid transplantable tum@mticancer Res
1996;16:499-504.

Nilges MJ, Walczak T, Swartz HM. 1 GHz in vivo ESR
spectrometer operating with a surface prddeys Medl989;
2:195-201.

23.

24.

25.

26.

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
charcoalsMAGMA 1998;7:121-129.

Whiters HR, McBride WH. Biological basis of radiation ther-
apy. In: Perez CA, Brady LW, eds. Principles and practice of
radiation oncology. 3rd ed. Philadelphia: Lippincott-Raven;
1997. p. 79-118.

17. Bussink J, Kaanders JHAM, Rijken PFJ\t, al. Vascular

architecture and microenvironmental parameters in human
squamous cell carcinoma xenografts: Effect of carbogen and
nicotinamide.Radiother Oncoll999;50:173-184.

Honess DJ, Bleehen NM. Perfusion changes in the RIF-1
tumour and normal tissues after carbogen and nicotinamidem,
individually and combinedBr J Cancer1995;71:1175-1180.
Song CW. Madification of blood flow. In: Molls M, Vaupel P,
eds. Blood perfusion and microenvironment of human tumors.
Implications for clinical radiooncology. Berlin: Springer-Ver-
lag; 1998. p. 193-207.

Robinson SP, Howe FA, Rodrigues LM{ al. Magnetic
resonance imaging techniques for monitoring changes in tu-
mor blood flow.Semin Radiat Oncadl998;8:197—-207.

Walter R, Mark M, Gaudenz Rt al. Influence of nitrovaso-
dilators and endothelin-1 on rheology of human blood in vitro.
Br J Pharmacol1999;128:744-750.

Augier T, Bertolotti C, Charpiot Rt al. Therapeutic effects of
nitric oxide-donor isosorbide dinitrate on atherosclerosis-in-
duced alterations in hemodynamics and arterial viscoelasticity
are independent of the wall elastic componén€ardiovasc
Pharmacol1996;27:752—759.

Mitchell JB, Wink DA, DeGraff W et al. Hypoxic mamma-
lian cell radiosensitization by nitric oxid€ancer Res993;
53:5845-5848.

Verovski VN, Van den Berge DL, Soete Gét, al. Intrinsinc
radiosensitivity of human pancreatic tumour cells and the
radiosensitization potency of the nitric oxide donor sodium
nitroprussideBr J Cancer1996;74:1734-1742.

Janssens MY, Van den Berge DL, Verovski \&{,al. Acti-
vation of inducible nitric oxide synthase results in nitric oxide-
mediated radiosensitization of hypoxic EMT-6 tumor cells.
Cancer Red 998;58:5646-5648.

Janssens MY, Verovski, VN, Van den Berge [t al Ra-
diosensitization of hypoxic tumour cells by S-Nitroso-N-
Acetylpenicillamine implicates a bioreductive mechanism of
nitric oxide generationBr J Cancer1999;79:1085-1089.



