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Abstract
Nitric oxide (NO) released from NO donors can be cytotoxic in tumor cells and can enhance the
transport of drugs into brain tumors by altering blood-tumor barrier permeability. The NO donor
JS-K [O2-(2,4-dinitrophenyl) 1-[(4-ethoxycarbonyl)piperazin-1-yl]diazen-1-ium-1,2-diolate]
releases NO upon enzymatic activation selectively in cells overexpressing glutathione-S-
transferases (GSTs) such as gliomas. Thus, JS-K-dependent NO effects - especially on cell
viability and vascular permeability - were investigated in U87 glioma cells in vitro and in an
orthotopic U87 xenograft model in vivo by magnetic resonance imaging (MRI). In vitro
experiments showed dose-dependent antiproliferative and cytotoxic effects in U87 cells. In
addition, treatment of U87 cells with JS-K resulted in a dose-dependent activation of soluble
guanylate cyclase and intracellular accumulation of cyclic guanosine monophosphate (cGMP)
which was irreversibly inhibited by the selective inhibitor of soluble guanylate cyclase ODQ (1H-
[1,2,4]oxadiazolo(4,3a)quinoxaline-1-one). Using dynamic contrast enhanced MRI (DCE-MRI) as
a minimally invasive technique, we demonstrated for the first time a significant increase in the
DCE-MRI read-out initial area under the concentration curve (iAUC60) indicating an acute
increase in blood-tumor barrier permeability after i.v. treatment with JS-K. Repeated MR imaging
of animals with intracranial U87 gliomas under treatment with JS-K (3.5 μmol/kg JS-K 3×/week)
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and of untreated controls on day 12 and 19 after tumor inoculation revealed no significant changes
in tumor growth, edema formation or tumor perfusion. Immunohistochemical workup of the brains
showed a significant antiproliferative effect of JS-K in the gliomas. Taken together, in vitro and in
vivo data suggest that JS-K has antiproliferative effects in U87 gliomas and opens the blood-tumor
barrier by activation of the NO/cGMP signaling pathway. This might be a novel approach to
facilitate entry of therapeutic drugs into brain tumors. DCE-MRI is a non-invasive, repeatable
imaging modality to monitor biological effects of NO donors and other experimental therapeutics
in intracranial tumor models.
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1. Introduction
Glioblastoma multiforme is the most malignant primary brain tumor with a median survival
of one year and a 5-year-survival of less than 3–5% [1]. Standard glioblastoma therapy
includes resection followed by radiotherapy and chemotherapy [2]. However, the response
of malignant gliomas to systemic chemotherapy is limited by the blood-tumor barrier which
impairs drug delivery to brain tumors and by strong chemoresistance. Under physiological
conditions, nitric oxide (NO) is involved in multiple cellular processes such as regulation of
vasodilation, cerebral blood flow, vascular permeability and may promote tumor cell
survival at low concentrations [3; 4; 5; 6]. Promising experimental strategies of NO-based
therapy of gliomas focus on the delivery of high NO concentrations into the tumor to either
increase the drug uptake across the blood-tumor barrier, to sensitize tumor cells to radiation
therapy [7], to sensitize tumor cells to chemotherapeutic drugs and/or to induce apoptotic
cell death selectively in tumor cells [8; 9; 10; 11; 12; 13; 14]. Exogenous NO can be
administered using NO-releasing substances (NO donors) of the diazeniumdiolate group.
These substances generate bioactive NO in physiological fluids spontaneously or after
enzymatic activation in a controlled manner with reliable half-lives ranging from 2 s to 20 h
[15].

JS-K [O2-(2,4-dinitrophenyl) 1-[(4-ethoxycarbonyl)piperazin-1-yl]diazen-1-ium-1,2-diolate]
is a NO donor which releases NO upon enzymatic activation by glutathione-S-transferases
(GST), a family of phase II detoxification enzymes [16; 17]. Prodrugs like JS-K which
require activation by GST were specifically designed to exert their biological effect
selectively in tumor cells overexpressing GST such as glioblastoma cells [18; 19].
Consequently, we studied JS-K as a NO-releasing prodrug in U87 glioma cells in vitro and
in a glioma xenograft model in vivo.

Exposure of tumor cells to NO released from NO donors and NO derivates such as
peroxynitrite results in accumulation of DNA double strand breaks, lipid and protein
modifications (such as modification of potassium channels by S-nitrosylation), and
impairment of the mitochondrial energy cycle with resultant breakdown of cellular energy
generation [20; 21; 22]. Furthermore, they induce a variety of cellular pathways in glioma
cells like the mitogen-activated protein (MAP) kinase cascades (PI3K/AKT pathway) [23].
All these effects lead to the amplified induction of proapoptotic mechanisms. Additionally,
matrix metalloproteinases (MMPs) are targets of reactive nitrogen and oxygen species
(ROS/RNS) at the transcriptional and post-translational level. Activation of MMP2/9 might
contribute to loosening of the extracellular matrix [24; 25; 26]. Exposure of brain or brain
tumor endothelial cells to NO leads to activation of the NO/cGMP pathway, cyclic
guanosine monophosphate (cGMP) dependent phosphorylation of extracellular signal-
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regulated kinases (ERK), and modifications of tight junctions contributing to opening of the
blood-brain or blood-tumor barrier [27; 28; 29; 30; 31; 32].

Previous experiments demonstrated a survival benefit in a C6 glioma model after combined
treatment with the NO donor PROLI/NO and carboplatin chemotherapy in vivo. This effect
was due to increased vascular permeability of the blood-tumor barrier resulting in enhanced
uptake and efficacy of the chemotherapy [9]. Furthermore, our group could demonstrate
with quantitative autoradiography (QAR) studies that the permeabilizing effect of PROLI/
NO at the blood-tumor barrier is predominantly mediated by activation of the NO/cGMP
pathway [33].

In addition to its effect on the permeability of brain tumor vasculature, NO has chemoand
radio-sensitizing effects in glioma cells [10] and is cytotoxic in vitro. JS-K showed intrinsic
anti-neoplastic activity in vitro and in vivo in a myeloid leukemia cell line [17]. Our group
demonstrated a dose-dependent cytotoxic effect of JS-K in U87 gliomas in vitro and
retardation of tumor growth in a subcutaneous xenograft model in vivo [34].

So far, therapeutic blood-brain barrier disruption was predominantly studied with invasive
techniques such as fluorescence-based intracranial windows techniques or quantitative
autoradiography [9; 33; 35; 36] or post-mortem methods like Evans blue staining. Our aim
in this study was to investigate the JS-K-induced blood-brain barrier disruption in vivo by
application of magnetic resonance imaging (MRI) in combination with MR contrast agents.
Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) is a noninvasive
functional imaging technique that permits indirect measurement of hemodynamics in tissues
and tumors. DCE-MRI utilizes a low molecular weight paramagnetic contrast agent (CA)
such as gadolinium-DTPA, which readily diffuses from the blood to the
extravascularextracellular space (EES). CA leads to a change in MR relaxation time T1 and
consequently to a change in MR image contrast in perfused tissue. By acquiring a series of
rapid MR images, the time course of the CA-induced change in T1 can be followed and the
CA concentration can be calculated. This CA concentration time course can be characterized
by the initial area under the concentration curve (iAUC). In general, iAUC is sensitive to
changes in a number of hemodynamic parameters, including blood flow, blood volume,
vessel permeability, and vessel surface area [37]. DCE-MRI has been used in several
preclinical and clinical studies for monitoring of anti-angiogenic therapies of tumors,
including vascular endothelial growth factor (VEGF) inhibition in animal tumor models and
cancer patients [38; 39; 40; 41].

In diseased brain (e.g. multiple sclerosis) and in brain tumors, DCE-MRI is the in vivo
method of choice for investigating and quantifying blood-brain barrier impairment [42; 43].
In rodent models, DCE-MRI was used to investigate the opening of the blood-brain barrier
after treatment with ultrasound [44] or pharmacological agents such as bradykinin receptor
antagonists [45; 46].

In this study we investigated the biological effects of JS-K on cell viability, proliferation,
and the NO/cGMP signaling pathway in U87 cells in vitro and in an orthotopic glioma
xenograft model in vivo. Serial morphological MRI and DCE-MRI were used to assess the
acute and prolonged effects of NO donor treatment on vascular permeability and perfusion,
edema formation, and tumor growth.

2. Material and methods
The NO donor JS-K [O2-(2,4-dinitrophenyl)1 [(4-ethoxycarbonyl)piperazin-1-yl]diazen-1-
ium-1,2-diolate] was synthesized as described earlier and prepared as 10 mM stock solution

Weidensteiner et al. Page 3

Nitric Oxide. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in DMSO [47] For the in vivo experiments, JS-K was formulated in Pluronic Micelles P123
(BASF, Florham, NJ, USA).

Data are presented as the mean / SD. Statistical significance was tested with an unpaired
two-tailed Student's t-test vs. control group. Differences were considered statistically
significant at * p 0.05, ** p 0.01 and *** p 0.001.

2.1 Cell culture
Human U87 glioma cells were obtained by American Tissue Type Collection (ATCC
HTB-14 Rockville, MD, USA) and cultivated in Dulbecco's modified Eagle Medium
(DMEM) supplemented with 10% FCS, 100 U/ml penicillin, and 100 μg/ml streptomycin
(Gibco, Invitrogen, Darmstadt, Germany). Cells were incubated in a 95% air/5% CO2
atmosphere at 37°C.

2.2 Cell viability and cytotoxicity assay
JS-K dependent effects on cell viability were determined using the multitox-fluor multiplex
cytotoxicity assay (Promega, Madison, WI, USA). U87 cells were seeded at a density of
10.000 cells/200 μl on 96-well plates. JS-K was applied to the cells in concentrations of 5
μM, 10 μM and 15 μM JS-K for 4 h. The maximal dose of DMSO (0.3%) was added to the
cells as solvent control and untreated cells were considered as control. Cytotoxicity assay
was performed at 4 h and 24 h after treatment according to the manufacturer's instruction.

2.3 Immunocytochemistry
In order to determine the antiproliferative effect of JS-K on U87 cells in vitro, cells were
seeded on glass cover slips (12 mm2) in 24-well plates at a density of 5.000 cells/750 μl
medium. Cells were treated with either 5 μM, 10 μM or 15 μM JS-K. In addition, the
maximal dose of DMSO (0.3%) was applied to exclude side effects caused by the solvent.
After 4 h the compounds were removed and replaced by fresh medium. Untreated cells
served as control. Fixation of cells was performed on ice in 4% paraformaldehyde for 30
min at 4 h and 24 h after treatment. Afterwards, cells were washed in PBS and
permeabilized in acetone for 10 min at −20°C. Unspecific binding was minimized by
blocking with 10% normal goat serum in PBS for 1 h at room temperature. Cells were
incubated overnight at 4°C with primary antibodies (polyclonal rabbit anti-Ki-67, Abcam,
Cambridge, UK, 1:1.000) diluted in 0.1% Triton X-100/PBS. The following day cells were
incubated with FITC-conjugated anti-rabbit IgG secondary antibodies (Invitrogen,
Karlsruhe, Germany, 1:600) diluted in 0.1% PBST for 1 h at room temperature. Cell nuclei
were counterstained with 4',6'-diamidino-2-phenylindole dihydrochloride (DAPI) diluted
1:1.000 in PBS for 5 min. The cover slips were washed with PBS and mounted with
Fluoromount G (DakoCytomation, Glostrup, Denmark). Ki-67-positive cells were counted
in three visual fields on three cover fields using a Zeiss Axioskop fluorescence microscope
(magnification 20, Zeiss, Jena, Germany).

2.4 Guanosine 3`,5`cyclic monophosphate (cGMP) analysis
Enzyme linked immunosorbent assay (ELISA) was used to determine the accumulation of
intracellular cGMP (cGMP-EIA Kit, Cayman Chemical Company, MI, USA). U87 cells
were seeded in uncoated multi-well cell culture dishes at a density of 0.5 106 cells and
grown until confluency was reached. The next day, cells were treated with 50 μM ODQ
(1H-[1,2,4]oxadiazolo(4,3a)quinoxaline-1-one, Sigma-Aldrich, St. Louis, MO, USA) for 30
min to block NO-specific soluble guanylate cyclase (sGC) activation. Cells treated with
ODQ and untreated cells were exposed to increasing concentrations of JS-K (1 μM – 15
μM) for 5 – 120 min, cells exposed to DMSO (max. concentration of 0.3%) were used as
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solvent control. Cells were lysed in 0.1 M trichloroacetic acid for 20 min at room
temperature and scraped off the cell culture flask. Cell culture extracts were homogenized
thoroughly and centrifuged at 1,000 ×g for 10 min. Acetylation of intracellular cGMP
(standards and probes) was performed according to the manufacturer's protocol. Total
protein concentration of the supernatants was determined according to Bradford [48] to
assure comparability of the samples. Lysates of treated cells were assayed for cGMP by a
cGMP competitive enzyme immunoassay. Spectro-photometrical readings (=410 nm) were
performed using the Tecan i-Control infinite 200 photometer and software (Tecan,
Männedorf, Switzerland).

2.5 Animal model and preparation
Institutional guidelines for animal welfare and experimental conduct were followed for all
animal experiments which were approved by the Institutional Animal Care and Use
Committee and the Regional Administrative Authority under protocol G08/28. The animals
were housed in individually ventilated cages (IVC) and received food and water ad libitum.
Nude rats (rnu/nu, n=10) underwent stereotactic implantation of 50.000 U87 glioma cells
into the right striatum under ketamine/xylazine anesthesia.

Rats were randomly assigned to two groups (n=5/group) and treatment was performed 3
times per week starting on day 5 after inoculation: 1. control: phosphate-buffered saline
(PBS) i.p.; 2. JS-K (3.5 μmol/kg in 2.25% Pluronic P123 in PBS i.v.). MRI was performed
on 10 rats on day 12 (1 week of treatment) and on the remaining 6 rats (2 controls, 4 treated
rats) on day 19 (2 weeks of treatment). Four rats had to be sacrificed prior to the study
endpoint due to tumor burden.

For the MRI experiments, animals were anaesthetized with isoflurane (1.0–1.5%) in O2 (1.2
l/min) applied with a face mask. A custom-built catheter was inserted into the tail vein (30 G
needle) for CA administration. The animal body temperature was kept at 37°C with a
circulating water pad, and respiration (spontaneous breathing) was continuously monitored.

2.6 Magnetic resonance imaging
12 and 19 days after tumor inoculation MRI measurements were performed on a 9.4 T
animal scanner (BioSpec 94/20, Bruker Biospin, Ettlingen, Germany) using a transmit
birdcage resonator and a receive four channel array surface coil. T1-weighted and T2-
weighted multislice RARE scans were acquired to localize the tumor with following
parameters: 20 axial slices, slice thickness 1.0 mm, field of view 30 mm × 30 mm, matrix
size 256 × 256, in-plane resolution 0.12 mm × 0.12 mm; T1-weighted scan: TR/TEeffective =
1.5 s/8.0 ms, RARE factor 4; T2-weighted scan: TR/TEeffective = 2.7 s/33 ms, matrix size
256 × 256, in-plane resolution 0.12 mm × 0.12 mm, RARE factor 8.

A time series of DCE-MR images was acquired pre- and post-injection of Gd-DTPA with an
inversion recovery (IR) balanced steady state free precision (TrueFISP) sequence (1 axial
slice of 2 mm thickness positioned in the tumor center, field of view 30 mm × 30 mm,
matrix size 128×96, in-plane resolution 0.23 mm × 0.31 mm, half Fourier factor 1.4, TE/TR
1.45/2.91 ms, flip angle 40 deg.). To obtain absolute T1-relaxation rates at each time point of
the time series, images at ten inversion times (TIs: 110 ms, 311 ms, 412 ms, 1918 ms) after
each inversion pulse were acquired [49]. The dynamic changes were monitored for a period
of 12 min (120 scans) with a temporal resolution of 6 s. The CA gadolinium
diethylenetriamine pentaacetic acid (Gd-DTPA, Magnevist, Bayer-Schering, Germany; dose
0.1 mmol Gd/kg) was manually injected as a bolus via the tail vein catheter. To obtain a
baseline measurement without CA, the measurement started 1 min before CA administration
resulting in 10 baseline scans to determine baseline T1.
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To assess the acute effect of JS-K on the blood-tumor barrier DCE-MRI was repeated 18
min after the first DCE-MRI scan and 3 minutes after i.v. injection of JS-K (JS-K group: n =
4) or saline (control rats: n = 3). This experiment was performed on day 12 after inoculation.

2.7 MRI data processing
Regions of interest (ROIs) containing the whole tumor in the slice were manually drawn on
DCE-MRI images using the T1 contrast between tumor and surrounding tissue in the image
series. The ROI for the reference region was manually drawn in the contralateral brain.
Quantitative T1 was calculated in the ROIs for each scan of the DCE-MRI series [50] and
CA concentration curves were calculated from the change in 1/T1 after CA injection using a
relaxivity of 3.9 s−1mM−1 [51] for Gd-DTPA at 9.4 T.

The initial area under the CA concentration curve iAUC60 [52] was calculated for the time
range 0 to 60 s after CA injection and normalized against iAUC60 in the contralateral brain
(reference region). Accordingly, iAUC120 and iAUC300 were calculated and normalized for
the time ranges 0 to 120 s and 300 s after CA injection.

Tumor and peritumoral edema areas were traced manually on each slice of the T2 weighted
multislice RARE dataset and total tumor and edema volumes were calculated.

2.8 Immunohistochemistry
After euthanizing the animals, the brains were quickly removed from the skull and
embedded in Tissue Tek OCTVR compound (Sakura Finetek, Alphen, Netherlands). The
specimen were quickly frozen in isopentane in liquid nitrogen and stored at −80°C.
Immunofluorescence staining was performed for Ki-67, a marker of cell proliferation
(monoclonal mouse, Dako, Glostrup, Denmark). Brains were sliced into 10 μm sections
which were fixed with acetone for 10 min at −20°C, rehydrated in 0.1% PBST and treated
with blocking solution for 1 h at room temperature (2% FCS in 0.1% PBST). Sections were
exposed to the primary antibody anti-Ki-67 (1:150 in blocking solution) overnight at 4°C.
After three wash cycles with PBS, sections were incubated in presence of the secondary
antibody (FITC-conjugated anti-mouse IgG, Invitrogen, Karlsruhe, Germany, 1:600 in 0.1%
PBST) at room temperature for 1 h. The specimen were washed and exposed to DAPI
(1:1.000) for 5 min at room temperature. Sections were washed in PBS and mounted in
Fluoromount G. Immunofluorescence was visualized using a Zeiss Axioskop microscope
(magnification 20). Ki-67-positive cells were counted in three visual fields per slide of at
least three different tumor sections per animal per treatment group (JS-K group: n=4,
controls: n=4).

3. Results
3.1 In vitro experiments

3.1.1 Cytotoxic and antiproliferative effects of JS-K—JS-K had a dose-dependent
cytotoxic effect on U87 cells in vitro. Cell viability was significantly reduced after 4 h (Fig.
1a) and to a greater extent after 24 h (Fig. 1b). The increased number of dead cells indicated
induction of apoptotic and non-apoptotic cell death compared to the controls. Significant
impairment of cell viability could be achieved at doses as low as 5 μM JS-K.
Immunocytochemistry for Ki-67 revealed a time- and dose-dependent effect of JS-K on
proliferation activity of U87 cells 4 and 24 h after treatment compared to untreated controls
(Fig. 2a, p 0.05 *, p 0.01 **). A maximal decrease in proliferation was determined after 24 h
at doses as low as 10 μM JS-K. Treatment groups were statistically compared to solvent
control to exclude a DMSO-dependent reduction of cell proliferation. Ki-67 expression was
decreased by 10 and 15 μM JS-K after 24 h (Fig. 2a, p 0.05 #). Representative
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photomicrographs of Ki-67 immunostaining to illustrate the time- and concentration-
dependent decrease in proliferation after JS-K treatment are depicted in Fig. 2b.

3.1.2 Effect of JS-K on cGMP synthesis—Exposure of U87 cells to JS-K (1–15 μM)
led to a dose-dependent, intracellular accumulation of cGMP via NO-dependent activation
of cytosolic guanylate cyclase reaching a maximum concentration of cGMP after 60–90 min
(Fig. 3 and supplementary data 1). This effect was thoroughly abolished by the specific sGC
inhibitor ODQ. 50 μM ODQ was sufficient to reduce the cGMP synthesis to the synthesis
rate of untreated controls independently of the applied JS-K concentration (1–15 μM) in
U87 cells (Fig. 3).

3.2 In vivo MRI experiments
3.2.1 Acute effect of JS-K—Injection of JS-K between two consecutive DCE-MRI
experiments led to an obvious difference in the time courses of the CA concentration: CA
concentration was considerably higher post injection of JS-K compared to pre-injection (Fig.
4a, solid grey and black curves, respectively), especially in the first minutes of the DCE-
MRI experiments. In contrast, no changes in the CA concentrations curves were observed in
the saline group, especially in the first minutes (Fig. 4b, solid curves). The CA concentration
curves in contralateral brain were similar in both groups (Fig. 4a and b, dashed curves;
positions of ROIs are shown in Fig. 4c). The increase in intratumoral CA uptake induced by
JS-K can also be demonstrated in the time series of DCE-MRI scans showing a stronger and
longer-lasting contrast uptake (Fig. 4d). Quantitative analysis of the CA curves in gliomas
revealed a significant difference in the change in normalized iAUC60 after JS-K injection
compared to saline controls (p=0.043; Fig. 4e) where the mean difference in iAUC60
between consecutive experiments was zero. However, this early NO effect on the tumor
vasculature disappeared when longer normalized iAUC intervals (iAUC120, iAUC300) were
analyzed (p=0.136, p=0.759). The difference in iAUC60 in the reference region contralateral
brain was not significantly different between the JS-K and the saline group (p=0.559)
justifying the calculation of normalized iAUC60 to compare the two groups. This was also
the case for iAUC120 and iAUC300 in contralateral brain (p=0.928, p=0.812). These findings
demonstrate that JS-K had a selective acute effect on CA uptake into gliomas but not in
normal brain tissue.

3.2.2 Long-term effect of JS-K—Repetitive i.v. administration of the NO donor prodrug
JS-K was well tolerated by the animals with no major side effects.

Tumor and edema volumes were not significantly different between control and JS-K groups
at both time points (Fig. 5a,b; tumor volume p=0.821/0.788; edema volume day 19
p=0.462). All tumors grew considerably within one week. JS-K did not lead to tumor growth
attenuation between day 12 and 19. Mild peritumoral edema was detected in one control
tumor and in two treated tumors on day 19. Necrotic cores were found in one control tumor
and in three JS-K treated tumors on day 19. Normalized iAUC60 was not significantly
different between control and JS-K groups at either time point (Fig. 5c, p=0.664 (12 d) and
p=0.828 (19 d)). iAUC60 dropped in both groups between day 12 and 19, most likely due to
the necrotic tissue without perfusion included in the ROI analysis leading to a lower mean
CA accumulation in the whole tumor. As iAUC60 in normal contralateral brain tissue was
not significantly different between control and treatment groups (p=0.324), normalization of
iAUC in tumors did not influence the group differences. There was no difference in baseline
T1 (before CA injection) between the groups (p=0.995, data not shown).
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3.3 Survival study and histology
NO donor therapy with JS-K did not lead to prolonged survival in this intracranial U87
glioma model (supplementary data 2). Four rats (3 controls, 1 treated rat) had to be
euthanized before MRI on day 19 due to tumor burden. The remaining rats were sacrificed
after the second MRI experiment (control: on day 19–22; JS-K: on day 19–20) because of
the tumor burden. Histological workup of the brain specimen, however, showed a significant
reduction in Ki-67-positive cells up to 44% in JS-K treated animals (Fig. 6a, p 0.001). Fig.
6b illustrates the reduction of proliferating Ki-67 expressing cells within the tumor in JS-K
treated rats compared to controls.

4. Discussion
Our experiments in U87 cells confirmed the ab ility of JS-K to induce cell death in U87
glioma cells in vitro after GST-mediated release of NO which was already shown in
previous experiments of our group [34]. Cytotoxicity was dose-dependent but there was no
difference between 4 h or 24 h exposure to JS-K. Dose-dependent inhibition of U87 cell
proliferation was demonstrated by immunocytochemical detection of Ki-67 confirming the
previous experiments using a 5`-bromodeoxyuridine incorporation assay [34].

There is strong experimental evidence that the biological effect of NO released by NO
donors at the blood-tumor barrier is mediated by activation of the intracellular NO/cGMP
pathway [27; 28; 29; 30; 31; 32]. The maximum of cGMP formation was reached within 60–
90 min after JS-K exposure. In earlier autoradiography studies in orthotopic C6 gliomas, we
could show that selective opening of the blood-tumor barrier using the NO donor PROLI/
NO could be blocked by pretreatment with the sGC inhibitor LY83583, thus preventing
cGMP formation [33]. Similar to those earlier in vivo findings [33], the process of cGMP
generation by NO donor treatment can be blocked by sGC inhibition with ODQ in vitro
(Fig. 3). Therefore, we hypothesize that activation of the NO/cGMP pathway by JS-K may
be the mechanism by which NO donor treatment mediates its effect on blood-brain barrier
integrity.

This is the first study using DCE-MRI to assess the impact of NO donor therapy with JS-K
on blood-brain barrier integrity and tumor growth in an orthotopic U87 xenograft model in
nude rats in vivo. Due to an impaired blood-tumor barrier CA diffuses from the blood
stream into tumor tissue making gliomas visible on contrast enhanced MR images. NO
released from JS-K led to increased CA uptake into the tumor, possibly as a result of
opening tight junctions in the glioma blood vessels, thereby increasing blood-tumor barrier
permeability. This acute effect of JS-K was demonstrated in vivo by DCE-MRI pre and post
JS-K injection: iAUC60 was higher after JS-K injection compared to saline injection, i.e.
more CA molecules diffused from the blood vessels into the tumor. We also showed that the
permeability effect was tumor-selective as no changes were detected in contralateral normal
brain confirming the glioma-specific release of NO. The calculation of normalized iAUC
was therefore not influenced by an acute drug effect on the reference tissue. As the short
time window directly after entry of the contrast agent bolus is crucial, it is standard to
calculate iAUC60 for the time range 0 to 60 s. iAUC60 is influenced both by perfusion and
permeability. In brain tumors, iAUC60 is dominated by permeability because a partially
intact blood tumor barrier renders brain tumors less permeable than extra-cranial tumors
[37]. Calculating iAUC values for time ranges up to 300 sec did not generate additional
meaningful information on the permeability effect of JS-K. In our experiment the second
DCE-MRI scan was performed 3 min after JS-K injection. Increased permeability of the
blood-tumor barrier secondary to JS-K could therefore be confirmed for a period of at least 4
to 6 min after i.v. injection. In order to investigate the duration of the permeabilizing JS-K
effect, future studies have to focus on performing DCE-MRI scans at different time points
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after NO donor treatment to determine the therapeutic window of blood-tumor barrier
disruption.

The selective opening of the blood-tumor barrier after administration of NO donors has
previously been demonstrated in gliomas in rodents post-mortem using quantitative
autoradiography [9]. DCE-MRI is an ideal imaging modality for in vivo treatment
monitoring of substances acting on tumor physiology, i.e. to obtain functional biomarkers.
Coté et al. and Sarin et al. chose the increased contrast agent distribution volume and iAUC,
respectively, as indicators of increased vascular permeability in their DCE-MRI studies with
bradykinin receptor antagonists [45; 46].

In contrast to previous studies which revealed a strong cytotoxic effect in U87 gliomas in
vitro and growth retardation in a flank tumor model in vivo [17], JS-K therapy did not result
in tumor growth retardation or extended survival in this intracranial tumor model. Although,
MRI and histology did not reveal increased intratumoral necrosis after NO donor treatment,
a significant antiproliferative effect was demonstrated in vitro as well as in vivo by Ki-67-
staining. In the previous study, JS-K was administered at a dose of 6 mg/kg/d (or 15 mol/kg/
d) s.c. for 7 consecutive days, whereas in the current study, JS-K was administered i.v. at a
lower dose (3.5 mol/kg) 3 times a week for 1 or 2 weeks. As biological effects of NO are
highly dose- and time-dependent, we postulate that the NO released from JS-K after i.v.
injection might have been sufficient to alter blood-tumor barrier integrity and to exert a local
antiproliferative effect in tumor cells. However, the intratumoral NO levels were not high
enough to induce a long-lasting antitumor effect in this experimental setup.

Upon vascular delivery, JS-K could react with glutathione in the blood, making it difficult to
estimate the actual amount of JS-K reaching its target in the brain. Higher JS-K doses may
also result in depletion of serum glutathione, which is involved in the maintenance of
membrane integrity and in proper functioning of the blood-brain barrier. In addition to the
NO effects at the blood-brain barrier, glutathione depletion might contribute to a further
destabilization of the blood-brain barrier [53; 54].

Peritumoral edema is a typical feature of malignant gliomas in humans indicating impaired
blood-brain barrier integrity around the tumor. It has been observed earlier that NO-induced
opening of the blood-brain barrier also affects the peritumoral zone around the contrast-
enhancing tumor margin in C6 gliomas [9]. As rodent gliomas differ considerably from
human gliomas with respect to invasive growth pattern and edema formation, it was not
surprising that peritumoral edema was detected in only half of the tumors in both groups and
at a late time point. Treatment with JS-K did not lead to increased peritumoral edema
formation. Other biological effects of long-term NO donor treatment may include changes in
angiogenesis and an extended opening of the blood-tumor barrier since NO activates the
VEGF pathway [55]. These effects may also be monitored by calculation of the iAUC and
could induce detrimental side effects such as intratumoral hemorrhage or increased
intracranial pressure in the animals. As no significant changes of iAUC was detected in
tumors under repetitive JS-K treatment over two weeks, we conclude that JS-K treatment is
safe and did not result in undesirable side effects.

Taken together, this study elucidates the biological effects of the NO-donating prodrug JS-K
on cell viability, proliferation, cGMP signaling, tumor growth and vascular permeability in
U87 gliomas in vitro and in vivo. A selective increase in blood-tumor barrier permeability
upon i.v. JS-K delivery was detected in intracranial U87 gliomas using DCE-MRI. Using
this non-invasive imaging technique to assess physiological and biological parameters in
brain tumors offers the possibility for serial monitoring of the safety and efficacy of
experimental treatment strategies in orthotopic xenograft models in rodents. Exploring NO-
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based antitumor treatment may be a promising strategy in gliomas due to their significant
treatment resistance and privileged location in the brain.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights #NOX-12-106

NO donor JS-K selectively increases blood-tumor barrier permeability in gliomas.

JS-K has cytotoxic and antiproliferative effects in U87 gliomas.

JS-K increases cGMP formation in U87 cells.

Dynamic contrast enhanced MRI is a non-invasive tool for treatment monitoring.

DCE-MRI detects blood-tumor barrier opening in U87 gliomas in JS-K-treated rats.
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Figure 1.
JS-K is cytotoxic in U87 cells. Cells were exposed to increasing concentrations of JS-K (5
μM, 10 μM and 15 μM) for 4 hours. Cells exposed to DMSO (max. concentration of 0.3%)
were used as solvent control. The percentage of viable (black) and dead (grey) cells are
displayed (untreated control = 100%) at 4 (a) and 24 (b) hours after treatment. *p 0.05, **p
0.01, ***p 0.001 t-test compared to control (Ctr).
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Figure 2.
a) JS-K inhibits proliferation in U87 cells in vitro. The percentage of Ki-67-positive,
proliferative cells is displayed at 4 (black) and 24 (grey) hours after treatment (untreated
control = 100%). The cells were exposed for 4 hours to different concentrations of JS-K (5
μM, 10 μM and 15 μM). Cells exposed to DMSO (max. concentration of 0.3%) were used
as solvent control. * p 0.05, ** p 0.01, treatment groups compared to untreated control; # p
0.05 treatment groups compared to solvent control. b) Immunocytochemistry for Ki-67
(green) in U87 cells at 4 h (upper row) and 24 h (lower row) after treatment (untreated
control; DMSO control; 5 μM, 10 μM and 15 μM JS-K). Cell nuclei were counterstained
with DAPI (magnification 20, scale bar = 100 m).
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Figure 3.
JS-K induces cGMP formation in U87 cells which can be inhibited by ODQ. Cells were
exposed to increasing concentrations of JS-K (1 μM, 5 μM, 10 μM and 15 μM) with and
without pretreatment with ODQ. Cells exposed to DMSO (max. concentration of 0.3%)
were used as solvent control. The maximum of intracellular cGMP release can be detected
60 min (black) and 90 min (grey) after JS-K exposure. **p 0.01, ***p 0.001 t-test compared
to control (Ctr).
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Figure 4.
Acute vascular effect of JS-K: a) Contrast agent concentration curves of the first (black
curves, pre-JSK, baseline) and second (grey curves, post-JS-K) DCE-MRI scan in tumor
(solid upper curves) and contralateral brain (dashed lower curves). The second DCE-MRI
scan was started 18 min after end of the first DCE-MRI scan. Drug injection was 3 min
before the start of the second DCE-MRI scan. The grey area visualizes the iAUC60 for the
concentration time course before JS-K injection in tumor. b) Contrast agent concentration
curves in a control rat pre- and post saline injection. c) Regions of interest (ROIs) for DCE-
MRI in tumor (shown right, solid) and contralateral brain (shown left, dashed) depicted on
an anatomical T2-weighted image in the rat shown in a). d) Time series of DCE-MRI-scans
showing the contrast agent-induced change in image contrast in the tumor pre- (upper row)
and post- (lower row) JS-K injection (other rat than in a–c). CA was administered at time
point 1 min. JS-K was injected 3 min before the second DCE-MRI time series. e) Change in
normalized iAUC60 and iAUC120 in the control group (n=3) and the JS-K group (n=4) after
injection of saline (Ctr, grey diamonds) or JS-K (white triangles). * p 0.05 t-test compared to
control.
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Figure 5.
Effect of JS-K on day 12 and day 19 after tumor inoculation: a) tumor volume, b) edema
volume, and c) normalized iAUC60 (normalized to contralateral brain) in control (Ctr, grey
diamonds) and JS-K-treated (white triangles) rats. There was no significant difference
between the two groups on either time point. Tumor volumes increased with time, whereas
iAUC60 decreased. Mild peritumoral edema was detected in some animals on day 19.
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Figure 6.
JS-K inhibits proliferation in U87 cells in vivo. a) The number of Ki-67-positive,
proliferation active cells is shown for untreated control rats (Ctr, black, n=4) and JS-K
treated rats (grey, n=4, *** p 0.001). b) Immunohistochemistry for Ki-67 illustrating the JS-
K-dependent reduction of proliferating cells (green) within the tumor in a JS-K treated rat
(right) compared to a control animal (left). Cell nuclei were counterstained with DAPI
(magnification 20, scale bar = 50 m).
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