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Abstract

Nitrite undergoes reconversion to nitric oxide (NO) under conditions characteristic of the tumor
microenvironment, such as hypoxia and low pH. This selective conversion of nitrite into NO in
tumor tissue has led to the possibility of using nitrite to enhance drug delivery and radiation
response. In this work we propose to serially characterize the vascular response of brain tumor
bearing rats to nitrite using contrast-enhanced Ry* mapping. Imaging is performed using a multi-
echo gradient echo sequence at baseline, post iron-oxide nanoparticle injection, and post-nitrite
injection, while the animal is breathing air. The results indicate that nitrite sufficiently increases
vascular permeability in C6 gliomas such that the iron oxide nanoparticles accumulate within the
tumor tissue. When animals breathed 100% oxygen, the contrast agent remained within the
vasculature indicating that the conversion of nitrite to nitric oxide occurs in the presence of
hypoxia within the tumor. The hypoxia-dependent, nitrite-induced extravasation of iron-oxide
nanoparticles observed herein has implications for the enhancement of conventional and
nanotherapeutic drug delivery.
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INTRODUCTION

Nitric oxide (NO) is an important cellular signaling molecule that plays an active role in
many pathophysiological processes regulating blood flow via vasomodulation (1). Under
normal basal conditions, NO is synthesized in the body from the amino acid L-arginine by
the enzymatic action of nitric oxide synthase (NOS). However, the molecule has an
extremely short half-life in the blood and undergoes a stepwise oxidation to nitrite (NO,™)
and then nitrate (NO3™). Until recently, both nitrite and nitrate were considered useless by-
products of the endogenous nitric oxide metabolic pathway (2). However, it is now clear that
both nitrate and nitrite can be recycled physiologically to form NO in the vascular as well as
tissue space, and hence work as storehouses of NO.
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Conversion of nitrate to NO requires its initial reduction to nitrite. Reduction of nitrite to
NO occurs via a number of enzymatic and non-enzymatic pathways including conversion
through haemoglobin (3, 4), myoglobin (5, 6), xanthine oxidoreductase (7, 8), ascorbate (9),
polyphenols (10, 11) and protons (12, 13). It is now also known that the generation of NO
by these pathways is greatly enhanced under the conditions of hypoxia and low pH. This
ensures NO production in situations for which the oxygen-dependent NOS enzyme activities
are compromised (14, 15). Both these conditions of hypoxia and low pH are characteristic of
tumor microenvironment and, hence, one can hypothesize that an external injection of nitrite
could produce selective conversion to NO in the tumor tissue as compared to healthy tissue
(16).

There are numerous studies with conflicting evidence on the impact of nitrate/nitrite on the
incidence of cancer (17-20). While controversy still remains about the negative side effects
of nitrite, it has been successfully used to treat conditions including stroke, myocardial
infarction, and pulmonary hypertension (2). Recently, it was shown that infusion of nitrite
along with radiation therapy could induce a transient change in the oxygenation status in the
tumor and thereby improve the efficacy of treatment (16). The effect was attributed not to
the alterations in blood flow or vascular characteristics but to the reduction of cellular
oxygen consumption in the tumor. While the finding makes nitrite a potentially compelling
radiosensitizer, it warrants further study in other tumor types in order to better characterize
the effects, if any, of NO on tumor vessels and how these effects may be modulated by the
local tumor microenvironment.

In this work, we propose to use MR imaging to characterize the vascular response of a
glioma rat model to an intravenous infusion of nitrite. Tumor vascular imaging is carried out
using a non-invasive contrast enhanced susceptibility-MRI technique. This MR approach
relies upon the use of an exogenous blood pool contrast agent (CA) and has been previously
used to assess the functional and hemodynamic status of the tumor vasculature (21). In
particular, this study aims to characterize the temporal influence of nitrite on the contrast
enhanced susceptibility-MR signal in tumors and whether any effects can be modulated
under hyperoxic conditions.

Animal Procedures

Due to their consistent growth patterns and neovasculature similar to spontaneous
glioblastomas we chose to use the C6 tumor model in Wistar rats (22). Sixteen days prior to
imaging, rats weighing 250-350 grams were stereotactically inoculated with ~10° C6 tumor
cells. Rats were anesthetized using isoflurane (1.2%) and tumors cells were injected at a site
of Imm anterior and 3mm lateral (right hemisphere) to bregma at a depth of 3 mm.
Intravascular catheters were placed in the jugular vein of the animals to enable the injection
of the nitrite and exogenous CA.

During the imaging experiments animals were anesthetized using a mixture of air and
isoflurane (1.2%) delivered via a nose cone. Body temperature was measured with a rectal
thermister and was maintained at 37°C with a PID feedback-controlled heat source.
Respiratory bellows were used to monitor the breathing rate. All physiologic signals were
continuously collected and displayed on a computer using a commercial system (Small
Animal Instruments, Inc., Stony Brook, NY) for the duration of the experiment. At the
conclusion of the studies, the animals were euthanized with an overdose of anesthesia. The
institutional IACUC committee approved all animal procedures.
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Imaging Protocol

Imaging was carried out using a 4.7T Varian MRI system (Agilent/Varian Inc, Santa Clara,
CA) with a 31 cm bore, actively shielded gradients (40 G/cm), and a 63 cm birdcage RF
coil. The animal was in a prone position on a support cradle during imaging and was
immobilized using a bite bar. Coronal and axial images were acquired to localize the animal
within the field of view (FOV). Anatomical images were acquired using a fast-spin echo
(FSE) imaging sequence. The imaging parameters were: FOV 40 x 40 mm, 5 slices, 1.5 mm
ST, 128 x 128 matrix, NEX = 4, echo train length = 8, echo spacing = 4ms, TR =3 s,
effective TE = 60 ms. The images were optimized to provide adequate contrast between the
tumor and the surrounding normal brain.

Susceptibility based cerebral blood volume (CBV) measurements were carried out using a
multi-gradient echo sequence to extract the R,* at baseline and after the injection of an
intravascular CA. The intravascular CA used in this study is a 30 nm mono-crystalline iron
oxide based nanoparticle at a dose of 6 mg/kg, (®Molday-1ON Biophysics Assay
Laboratory, Worcester, MA). The CA is expected to stay within the vasculature for >7
hrs(21, 23). Pre-clinically, iron oxide particles are the most commonly used agent for
dynamic susceptibility contrast-MRI and steady measures of blood volume(23). A similar
contrast agent ferumoxytol is increasingly evaluated in patient populations owing to its long
intravascular times (24, 25).

To study vascular changes after the injection of nitrite and the intravascular CA (N=8), serial
imaging was carried out using the multi-gradient echo sequence to estimate the R,* before
and after the intravenous bolus injection of nitrite (3mg/kg). The imaging parameters were:
FOV 40 x 40 mm, 5 slices, 1.5 mm ST, 128 x 128 matrix, NEX = 10, 7 echoes spaced 5 ms
apart with echo times (TE) from 3 to 28 ms, a 24° flip angle, and a TR of 200 ms.
Approximately 6 baseline images were acquired before injecting nitrite and imaging
continued for 1 hour thereafter. In another group of animals (N=6), the same studies were
carried out without the use of the CA to see if just injecting nitrite altered the Ro* in the
normal tissue and the tumor. Nitrite-induced changes in Ry* without CA are, in essence,
akin to a BOLD experiment and would be expected to reflect changes in vascular volume
and/or blood oxygenation. In a separate group of rats (N=5), a control experiment was
carried out using similar imaging techniques by replacing only the nitrite injection with the
same effective volume of saline after the injection of the intravascular CA. This enables the
estimation of any effects that the overall blood volume increase might have on the vascular
changes observed after the injection of nitrite.

In all of the studies described above the animals were made to breathe lab air to simulate the
real world environment. One of the goals of this work was to identify whether the
conversion of nitrite to nitric oxide was specific to the hypoxic tumor environment found in
C6 tumors (26). To test this, in a separate cohort of rats (N=7), the experiment was repeated
with serial imaging being carried out before and after the injection of CA prior to the
injection of nitrite. However, the animal was made to inhale 100% O, throughout the
duration of the study instead of lab air. With such an approach we were able to assess
whether the vascular effects observed are driven by the oxygenation status of the tumor
tissue and/or the blood.

To further verify the hypoxic nature of the C6 tumors and to assess the effects of breathing
100% O, on the hypoxic tumor status, 18F fluoromisonidazole (8F-FMISO) PET and
anatomic MR images were acquired in two separate cohorts of rats — one set breathing air
and one set breathing 100% O,. 18F-FMISO uptake is sensitive to tumor oxygenation levels,
with increased uptake under air compared to higher oxygen gases (27, 28). Under air, 18F-
FMISO uptake in hypoxic tissue increases over time (29, 30), while normal tissue exhibits
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decreasing or constant signal at later time points. Consequently, the late slope (e.g. between
1 and 2 hours after injection) can serve as a marker for tumor hypoxia. The PET imaging
was performed on a Concorde Microsystems microPET Focus 220. Dynamic 18F-FMISO
PET images were acquired for a duration of two hours (for a total of 42 frames) following
bolus injection of approximately 1.25 mCi 18F-FMISO. The data were converted to percent
injected dose per cc of tissue (%ID/cc), and the late slope (y=m*x+b) was calculated by
linear fitting using the final hour (from 1 to 2 hrs after injection) of the time-activity curves.
By comparing the late slopes in tumor tissue from animals breathing air (N=14) and animals
breathing 100% O, (N=3), we can determine whether hyperoxia reduces the hypoxic status
within the C6 tumors.

Quantitative Analysis

RESULTS

Quantitative analysis was carried out by estimating the R,* on a voxel-by-voxel basis for the
entire brain including the tumor. The difference between the baseline Ry* and post-contrast
R,* provides an estimate of the basal cerebral blood volume (23). Changes in the Ry*
following the injection of the nitrite or saline were estimated using the following equation:
100% - (Ro*post-Nitrite— R2*post-cA) / R2*post-ca- Regions of interest (ROI) were drawn in the
core of the tumor and on the normal appearing contralateral side of the rat brain. Results are
presented as mean + standard deviation for rats in each group at each time-point over the
duration of the imaging study. Individual groups were statistically compared using a
Student’s t-test.

Figure 1 a (top) shows a representative anatomical image of a tumor bearing rat brain
imaged using the fast spin echo sequence. The arrow indicates the location of the tumor foci.
The baseline CBV map, shown in Figure 1 b, shows a small region in the center of the tumor
(arrow) with very low blood volume indicative of a necrotic core. The peripheral region of
the tumor shows high CBV values indicative of increased vascular density. Figure 1 c
(bottom) shows the percent change in the R,* map 55 minutes after nitrite injection. Most of
the regions in the brain exhibit little to no-change (<6%) in the R,* and do not register on
the color scale that shows increases in Ry* > 6%. The “red” tones in the image represent a
large positive change in R>*, while the “blue” tones in the image show small changes. In
general, the spatial appearance and magnitude of enhanced R,* was heterogeneous across
each tumor.

Figure 2a shows the results of changes in R,* after the injection of saline (as shown by the
arrow), which acts as a control in this experiment. The volume of saline injected is the same
as that used for nitrite in the animal. Prior to the injection of saline the animal was injected
with the intravascular agent in order to estimate the baseline blood volume. The Ry*
decreases by 3-4% in both the tumor and normal tissue. Figure 2b shows the results of the
changes in Ry* after the injection of nitrite without the prior injection of the intravascular
CA. The Ry* remains unchanged in both the tumor and the normal tissue.

The results from the group of rats that were injected with nitrite following the injection of
the intravascular CA are shown in Figure 2c. The normal tissue Ro* remains unchanged after
the injection of nitrite, while the tumor Ry* gradually increased for the duration of the study
(maximum average change across 8 rats ~ 20%). This indicates an increase in CA
concentration specifically within the tumor tissue. Follow-up studies (data not shown) in
additional rats have revealed that these pronounced R,* changes plateau approximately 1.5
hrs after nitrite injection and persist even after 6 hours. To determine if the changes in Ry*
were associated with regions of elevated CBV, the spatial correlation between the two maps
were computed. A voxel-wise analysis of each animal revealed no spatial correlation
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between baseline tumor CBV and Ry* changes (Pearson’s r ranged from —0.3 to 0.3 across
the 8 animals).

Serial changes in Ry* are shown in Figure 2d in the cohort of rats injected with the
intravascular CA followed by nitrite, during the inhalation of 100% O,. The differential
effect between the tumor and the normal tissue seen in the earlier group is lost, and Ry*
remains unchanged after the injection of nitrite. In both normal and tumor tissue, there was
no significant difference (p > 0.05) in baseline (pre-nitrite) CBV values in animals breathing
air or 100% O».

The mean of the percent change in Ry* of the final 4 time-points in tumor and normal tissue
were compared using a student t-test for each group of rats. As shown in Figure 3, there
were no significant differences in the tumor and normal tissue for the control group injected
with saline, the group injected with nitrite but no CA, and the group injected with nitrite and
the CA but breathing 100% O,. However, there were statistically significant (p<0.00001)
differences between the tumor and normal tissue in the group injected with nitrite and CA
and breathing lab air.

Figures 4a and 4b show example anatomic MRI and 18F-MISO PET late slope images in a
C6 bearing rat. In general, the late slope of 18F-MISO was much greater in orthotopic C6
tumors than that found in the surrounding normal appearing brain tissue, which was
typically close to zero or negative. Statistical analysis indicates that the late slope of 18F-
MISO uptake in tumors was significantly greater than that found in normal brain (p <
0.005). The FMISO uptake was also strongly dependent on the inhaled gas, reflecting the
sensitivity of FMISO to tumor hypoxic status. Under hyperoxia, the time-activity curves for
tumor tissue exhibit a constant or negative late slope, similar to that found in normal tissue
(Figure 4c). There were no significant differences between the late slope in normal and
tumor tissue under hyperoxic conditions (p=0.683) (Figure 4d).

DISCUSSION

Nitrite undergoes reconversion to nitric oxide (NO) under conditions characteristic of the
tumor microenvironment, such as hypoxia and low pH. In this work, we focused our efforts
on understanding the effect on the vasculature in the tumor upon external injection of nitrite.
The results indicate that nitrite induces tumor-specific vascular changes in C6 gliomas. The
changes observed are statistically different from that in the surrounding normal tissue, and
are observed for a prolonged duration over several hours. These prolonged changes, and the
apparent lack of a washout phase even after many hours, are not consistent with the more
acute effects (~ 30 min) of nitrite on cellular respiration or hemodynamics previously
reportedly (16), indicating they are likely due to increased vascular permeability and iron
oxide CA accumulation within the tumor tissue rather than tumor vessel vasodilation. It has
been well established that NO in the tumor microcirculation can increase local vascular
permeability (31). In a similar study, Weyerbrock et al found that the permeability of C6
tumor vessels to aminoisobutyric acid, sucrose and dextran was greatly enhanced following
the injection of the NO donor, Proli/NO. Simultaneous injection of Proli/NO and a
chemotherapeutic agent resulted in the long-term survival of 40% of tumor bearing rats (32).
Yin et al (33)showed that using other NO donors such as L-arginine or hydroxyurea can also
result in the opening of the of the blood-brain tumor barrier.

It is known that under the influence of isoflurane, changes in breathing rate impacts cerebral
blood flow. In this work, the respiratory rate was monitored continuously during imaging
and was found to be relatively stable following the injection of nitrite but generally increase
under hyperoxic conditions. Changes in blood flow (i.e. vasoconstriction) could alter the

NMR Biomed. Author manuscript; available in PMC 2015 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mistry et al.

Page 6

delivery of CA to the tumor tissue, and in turn the resulting Ro* changes, however, it is
important to note that the CA used in this study is a long circulating intravascular agent that
remains in the system for several hours thereby reducing the effects of altered blood-flow.
Furthermore, a comparison of pre-nitrite baseline CBV values between animals breathing air
and 100 O, yielded no significant differences, indicating that the delivery of the CA to
normal and tumor tissue is not markedly affected by the hyperoxic challenge (e.g. due to
hyperoxic vasoconstriction). This further enforces our conclusion that the effect on Ro* is
primarily driven by permeability changes and the accumulation of CA within tumor tissue
after the injection of nitrite.

The iron oxide based CA used herein is known to be an intravascular contrast agent, and is
widely used in evaluation of blood volume using susceptibility-based imaging
techniques(21, 23-25). In this work, saline injections had little to no effect on the normal or
tumor tissue Ry*, and accordingly, the vasculature. If the effect of nitrite was driven by
vasodilation, as would be expected due to the properties of nitric oxide, we would see
changes in the Ro* in the group of rats that were injected with nitrite but no CA. The effect
would be similar to the one observed during BOLD MRI studies (34). Results from Figure
2b, do not show a change in R,* and hence we can rule out a vasoactive effect.

While we observe significant prolonged differences in Ry* between the tumor and the
normal tissue, the effect is nullified in the cohort of rats breathing 100% O, instead of lab
air. The increase in Ry* is related to the extravasation of the iron oxide nanoparticles in the
tumor tissue as confirmed by the prolonged effects observed in the tumors. This indicates
that nitrite induces the extravasation of these iron-oxide nanoparticles, selectively, in the
presence of local hypoxia in the tumors. As oxygenation is known to vary widely within
tumors this finding is also consistent with the heterogenous spatial response to nitrite
observed within each tumor in the study. In these studies, the presence of tumor hypoxia in
C6 tumors was verified using 18F-FMISO PET imaging. Similarly, Kahn et al have
previously found that C6 tumor pO> is, on average, 12 — 14 mmHg (26).

As hyperoxic challenges are not always effective at increasing interstitial tumor
oxygenation, 18F -FMISO was also used to determine the effects of hyperoxia on tumor
hypoxia. Under normoxia, 18F -FMISO becomes trapped and accumulates in the hypoxic
regions (here, tumor tissue). Images acquired at late time frames highlight the hypoxic
tissue. Because the tracer accumulates over time, the late slope can provide insight into the
hypoxic tumor status — a positive slope is indicative of hypoxia, while a constant or negative
slope is indicative of a normal oxygenation level. Using the late slope of the time-activity
curves, we found a large positive slope for tumor tissue and a negative slope for normal
brain tissue under normoxia. Under hyperoxia, the slopes for both tumor tissue and normal
brain were both slightly negative. The slopes were significantly different between normal
and tumor tissue under normoxia (p<0.005), while there were no significant differences
under hyperoxic conditions (p=0.683). From these results, we conclude that the hyperoxic
challenge increases the tumor oxygenation such that regional hypoxia is reduced.
Consequently, these seemingly normoxic tumor tissues would not permit the conversion of
nitrite to NO, as evidenced by the lack of CA extravasation under 100% O, (Figure 2d).
While it is plausible that the mechanism for the total elimination of nitrite-induced effects
seen in the cohort of animals treated with nitrite can be attributed to pathways involving
nitrite reduction within the blood of the tumor, the 18F-FMISO studies lead us to conclude
that the changes are predominantly in the tissue and not just the blood within the tumor.

The substantial nitrite-induced extravasation of iron-oxide nanoparticles observed here has
implications for the enhancement of conventional and nanotherapeutic drug delivery. That
the effect was only observed in hypoxic tumor regions also indicates a potential way to
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selectively deliver such exogenous therapies. Future studies will evaluate the utility of
nitrite-enhanced drug and contrast agent delivery using iron oxide agents of different sizes
and in additional tumor models. It would be particularly useful to corroborate the oxygen
sensitivity of the nitrite effect in vivo by spatially correlating the MR changes observed
herein to imaging methods sensitive to hypoxia (e.g. hypoxia selective radiotracers or other
MRI methods such as qBOLD (35, 36)). In conclusion, the dynamic contrast enhanced Ry*
mapping approach is known to be a valuable tool for monitoring pharmacological changes in
tumor vasoactivity but it can also be a very sensitive technique for the detection of NO-
donor enhanced drug accumulation within tumors.

Acknowledgments

Work was performed at the Vanderbilt University Institute of Imaging Science, with support from NCI P30
CA068485, NCI U24 CA126588, NCI R21 CA127342-01 and NCI K99/R00 CA127599. The authors would like to
thank Dr. John Gore for helpful discussions on contrast enhanced vascular imaging. The authors would also like to
thank Zou Yue for performing the surgical procedures on the animals.

NCI

P30 CA068485

NCI

U24 CA126588

NCI

R21 CA127342-01

NCI

K99/R00 CA127599

Abbreviations

NO Nitric Oxide

NOS Nitric Oxide Synthase

CA Contrast Agent

PID proportional integral derivative

CBV cerebral blood volume

BOLD Blood Oxygenation Level Dependent

TR repetition time

TE echo time

NEX number of excitations

18F_.FMISO 18F_fluoromisonidazole
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Figure 1.

a: Anatomical image with arrow indicating the location of the tumor. b: CBV map extracted
using the change in Ry* from baseline images, shows a small necratic core (arrow), and a
surrounding high CBV region indicative of increased vasculature. c: Percent change in Ry*
after nitrite injection.
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Percent change in Ry* in normal and tumor tissue in 4 different cohorts of rats including: a)
before and after the injection of the CA and saline (N = 5), b) before and after the injection
of nitrite without the CA (N = 6), ¢) before and after the injection of CA and nitrite (N = 8),
and d) before and after the injection of CA and nitrite while the animal is breathing 100% O,

(N=T7).
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Figure 3.

Comparison of the mean percent change in Ry* of the last 4 time-points, in normal and
tumor tissue in 4 different cohorts of rats including: a) before and after the injection of the
CA and saline, b) before and after the injection of nitrite without the CA, c) before and after
the injection of CA and nitrite, and d) before and after the injection of CA and nitrite while
the animal is breathing 100% O,.
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Example (a) anatomic and (b) 18F-FMISO PET late slope map of a C6 bearing rat under
normoxia. Arrows indicate the location of the tumor. (c) Plot of 8F-FMISO uptake (as %ID/
cc) versus time over the 2 hours post-injection. The uptake in tumor tissue under normoxia
continually increases as a result of the tumor hypoxia, while the normal tissue and tumor
under hyperoxia have more constant and similar late slopes. (d) Under normoxic conditions,
the late slope in tumor was significantly higher than that in normal tissue, whereas there was

no difference between normal and tumor tissue late slope under hyperoxia, indicating

reduced hypoxia in the tumors.
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