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Abstract

Free radicals are associated with glioma tumors. Here, we report on the ability of an anticancer
nitrone compound, OKN-007 [Oklahoma Nitrone 007; a disulfonyl derivative of a-phenyl-fert
butyl nitrone (PBN)] to decrease free radical levels in F98 rat gliomas using combined molecular
magnetic resonance imaging (mMRI) and immunospin-trapping (IST) methodologies. Free
radicals are trapped with the spin-trapping agent, 5,5-dimethyl-1-pyrroline A-oxide (DMPO), to
form DMPO macromolecule radical adducts, and then further tagged by immunospin trapping by
an antibody against DMPO adducts. In this study, we combined mMRI with a biotin-Gd-DTPA-
albumin-based contrast agent for signal detection with the specificity of an antibody for DMPO
nitrone adducts (anti-DMPO probe), to detect /in vivo free radicals in OKN-007-treated rat F98
gliomas. OKN-007 was found to significantly decrease (P < 0.05) free radical levels detected with
an anti-DMPO probe in treated animals compared to untreated rats. Immunoelectron microscopy
was used with gold-labeled antibiotin to detect the anti-DMPQ probe within the plasma membrane
of F98 tumor cells from rats administered anti-DMPO /n vivo. OKN-007 was also found to
decrease nuclear factor erythroid 2-related factor 2, inducible nitric oxide synthase, 3-
nitrotyrosine, and malondialdehyde in ex vivo F98 glioma tissues via immunohistochemistry, as
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well as decrease 3-nitrotyrosine and malondialdehyde adducts 7 vitro in F98 cells via ELISA. The
results indicate that OKN-007 effectively decreases free radicals associated with glioma tumor
growth. Furthermore, this method can potentially be applied toward other types of cancers for the
in vivo detection of macromolecular free radicals and the assessment of antioxidants.
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1. Introduction

Free radicals, or more generally, reactive oxygen species (ROS) and reactive nitrogen
species (RNS), or collectively RONS, are products of normal cellular metabolism [1], and
are formed continuously in cells as a consequence of both enzymatic and nonenzymatic
reactions [2]. In normal cells, there is a balance between free radical generation and
antioxidant defense [3]. Oxidative damage can occur when this balance is unfavorable,
affecting a wide range of molecular species including lipids, proteins, and nucleic acids [4].
Oxidative stress plays a major role in the development of chronic and degenerative diseases
such as arthritis, aging, autoimmune disorders, cardiovascular, neurodegenerative diseases,
and cancer [5].

By combining molecular magnetic resonance imaging (mMRI) and immunospin-trapping
(1ST) technologies it is possible to monitor the levels of free radicals /n vivo in real time [6].
Free radicals that are generated as a result of oxidative stress processes can be trapped by the
spin-trapping compound, 5,5-dimethyl-1-pyrroline A-oxide (DMPO), to form DMPO-R
adducts (Fig. 1A), which can be further assessed by 1ST, a method that uses an antibody
against DMPO-nitrone macromolecule adducts. Therefore, the combined morphologic
image resolution of mMMRI, the use of a gadolinium (Gd)-DTPA(diethylene
triaminepentaacetic acid)—albumin-based contrast agent (Fig. 1B) for signal detection, and
the specificity of antibodies for protein/lipid radicals (anti-DMPO antibody, which binds to
DMPO-protein/lipid adducts resulting from oxidative stress-induced formation of protein/
lipid radicals), can be used to detect /n vivo oxidative stress-related processes (Fig. 1C)
[6,7]. This technique allows /n vivo assessment of oxidation products, permitting the study
of specific cause—consequence relationships from specific oxidative events. Recently our
group reported for the first time regarding the use of this noninvasive /n vivo method to
detect and quantify free radical levels in a mouse GL261 glioma model [6].

OKN-007 (2,4-disulfophenyl-PBN; or disodium 4-[(fert-butylimino) methyl] benzene-1,3-
disulfonate A-oxide or disufenton; also previously known as NXY-059) is an anticancer drug
[8-10] and free radical spin-trapping agent that inhibits upregulation of inducible nitric
oxide synthase (iNOS), decreases glutamate excitotoxicity [11], and has exhibited efficacy
as a neuroprotectant. Scientific advancements in our understanding and detection of free
radicals in biological systems and their importance in carcinogenesis, as well as the
introduction of novel therapeutics such as OKN-007 that act by influencing radicals [8] have
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dramatically enhanced our ability to assess the role of free radicals in both disease and
normal physiology. In this study, we combined mMRI with a Gd-DTPA-albumin-based
contrast agent for signal detection with the specificity of an antibody for DMPO nitrone
macromolecule adducts (anti-DMPO probe), to detect /n vivo free radical levels in untreated
and OKN-007-treated adult F98 rat glioma models. As a negative control, we used a
nonspecific 1gG antibody covalently bound to the albumin—-Gd-DTPA-biotin construct.
Verification of the presence of the probe in tumor tissues and in glioma cell membranes is
also presented.

2. Materials and methods

2.1. Glioma implantation

The animal studies were conducted with approval from the Institutional Animal Care and
Use Committee of the Oklahoma Medical Research Foundation. The F98 rat glioma cell
implantation model was prepared as described in our previous work [9]. F98 cells (10° in 10
ul volume) were intracerebrally implanted with a stereotaxic device (2 mm lateral and 2 mm
anterior to the bregma, and at a 3 mm depth) in a total of 15 Fischer 344 rats (male 200-250
g; Harlan Laboratories, Indianapolis, IN). The animals were divided into two groups:
OKN-007-treated (7= 8) and untreated (UT) (7= 7) groups. Both groups were stratified to
ensure that tumor sizes were similar before initiation of treatment.

2.2. Syntheses of DMPO-specific MRI contrast agents

To recognize the DMPO-radical adducts, we used an anti-mouse/rat monoclonal anti-DMPQO
antibody bound to a contrast agent. The macromolecular contrast material, biotin-BSA-Gd—
DTPA, was prepared using a modification of the method of Dafni et al. [12]. The biotin
moiety in the contrast material was added to allow histological localization. Biotin-BSA-
Gd-DTPA was synthesized as described in Towner et al. [13]. A solution of biotin-BSA-
Gd-DTPA was added directly to the solution of antibody (anti-DMPO, 200 ug/mL) for
conjugation through a sulfo-NHS (A-~succinimidyl- S-acetylthioacetate)-EDC (\-
succinimidyl 3-(2-pyridyldithio)-propionate) link between albumin and antibody according
to the protocol of Hermanson [14]. Sulfo-NHS was added to the solution of biotin-BSA-
Gd-DTPA and EDC. This activated solution was added directly to the antibody (anti-
DMPO, 200 pg/mL) for conjugation. The mixture was left to react for at least 2 h at 25 °C in
the dark. The product was lyophilized and subsequently stored at 4 °C and reconstituted to
the desired concentration for injections in phosphate buffer saline (PBS). The final amount
of the product, anti-DMPO-biotin-BSA-Gd-DTPA (anti-DMPO probe), that was injected
into the rats is estimated to be 200 ug anti-DMPO Ab/injection and 100 mg biotin-BSA-
Gd-DTPA/injection. The estimated molecular weight of the anti-DMPO-biotin-BSA-Gd-—
DTPA probe is estimated to be 232 kDa. As negative control, normal rat-lgG conjugated to
biotin-BSA-Gd-DTPA (control IgG contrast agent) was synthesized by the same protocol
to generate an isotype contrast agent.

2.3. DMPO administration

DMPO (ALX-430-090-G001, Enzo Life Sciences) was administered ip (100 mg diluted in
200 uL of saline) 3x daily (every 6 h) for 3 days to trap free radicals during tumor
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formation. DMPO administration started when the tumor reached a volume of 70-80 mm3
(Fig. 1D).

2.4. OKN-007 treatment

OKN-007 (2,4-disulfophenyl- A-fert-butyl nitrone, Ryss Laboratories, Union City, CA) was
administered as an anticancer agent to the rats in their drinking water at a concentration of
0.018% wi/v. The treatment started at 13—-15 days after glioma cell implantation, when the
tumor volumes were between 10 and 15 mm? (Fig. 2). The treatment was administered
continuously until the end of the study. Rats receiving normal drinking water were used as
UT controls. The amount of OKN-007 consumed by each rat, which were housed in separate
cages, was determined by weighing water bottles each day. No significant deviation was
observed in the volume of liquid uptake of compound in these rats. The average intake of
OKN-007 was approximately 10 mg/kg/day. The F98 glioma-bearing rats were divided in
three different treatment groups: (1) OKN-007-treated animals + DMPO administration +
anti-DMPO probe (7=5), (2) untreated animals + DMPO administration + anti-DMPO probe
(m=7), (3) untreated animals + DMPQO administration + 1gG probe (/7=4). The overall
experimental scheme is shown in Fig. 1D.

2.5. MR Imaging

All MR imaging experiments were conducted on a Bruker Biospec 7.0 T (Bruker Biospin,
Germany) using a 72-mm quadrature volume coil for signal transmission and a rat head
surface coil for signal reception. Tumor morphology was observed on 7,-weighted images
obtained with the application of the spin echo pulse sequence, RARE (rapid acquisition with
relaxation enhancement) using a TR (repetition time) = 5000 ms, TE (echo time) = 63 ms,
20 transverse 1-mm-thick slices, a field of view of 3.5 x 3.5 cm? with an in-plane resolution
of 137 x 137 xm?2. Starting 10 days after the F98 tumor cells inoculation, each rat brain was
imaged /n vivo every 2-3 days until the end of the study. Subsequently for the 3-day DMPO
treatment, rats were injected intravenously with anti-DMPO or nonimmune-IgG antibodies
tagged with a biotin-Gd-DTPA-albumin-based contrast agent (200 puL/kg; 1 mg
antibody/kg; 0.4 mmol Gd*3/kg). Rat brains were imaged at O (precontrast), 20, 40, 60, 120,
and 180 min intervals postprobe or -contrast agent injection.

T1-weighted images were obtained using a variable TR RARE sequence (TR 200, 400, 800,
1200, and 1600 ms; TE 15 ms, FOV 2 x 2 cm?2, matrix 256 x 256, slice thickness 0.5 mm, 2
slices, and 2 steps per acquisition).

2.6. Calculation of relative probe concentration

Relative probe (contrast agent) concentrations were calculated to assess the levels of
macromolecular free radicals in each animal. A contrast difference image was created from
the pre- and (120 min) postcontrast datasets for the slice of interest, by computing the
difference in signal intensity between the postcontrast and the precontrast image on a pixel
basis. On the difference image, three regions of interest (ROI) of equal size (0.02 cm?) were
drawn on the areas with the highest 7; relaxation in the tumor parenchyma and contralateral
side of the brain of each animal after the probe (anti-DMPO or nonimmune-IgG) injection at
the TR 800 ms. The values obtained from the ROIs in the tumor region were normalized to
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the contralateral side. The 7; relaxation value of the specified ROIs was computed from all
the pixels in the ROI by the following equation [15] (processed by ParaVision 4.0, Bruker):
STR) = S(1 - e TR/TL) where TR is the repetition time, S is the signal intensity (integer
machine units) at TR > 7; and TE = 0, and 77 is the constant of the longitudinal relaxation
time. An overlay of the contrast difference image and 7;-weighted image was generated
using the 3D Analysis Software for Life Sciences Amira (Fei, Hillsboro, OR).

2.7. Immunohistochemistry

Whole brains from each rat in each treatment group were removed and embedded in Optimal
Cutting Temperature (OCT) compound and frozen in liquid nitrogen. Frozen tissue blocks
were sectioned at 10 pm, mounted on positive-charged slides, and air-dried for 10 min.
Sections were fixed in cold acetone (=20 °C) for 10 min, dried for 20 min, and incubated
with streptavidin—horseradish peroxidase (HRP) polymer kit (Biocare Medical) for 10 min,
stained with DAB chromogen (Vector Labs), and then counter-stained with hematoxylin
(\Vector Labs). The streptavidin binds to the biotin on the anti-DMPO probe if present. For
immunohistochemistry (IHC) levels of inducible nitric oxide synthase (iNOS), a rabbit
polyclonal anti-rat antibody against iNOS (ab15326; Abcam, Cambridge, MA) was used.
For IHC levels of nuclear factor erythroid 2-related factor 2 (Nrf2), a rabbit polyclonal anti-
rat antibody against Nrf2 (ab31163; Abcam, Cambridge, MA) was used. For IHC levels of
3-nitrotyrosine (3-NT), a mouse monoclonal antibody against 3-NT (ab61392; Abcam,
Cambridge, MA) was used. For IHC levels of malondialdehyde (MDA), a rabbit polyclonal
antibody against MDA-PC (protein carrier) (ab6463; Abcam, Cambridge, MA) was used.

2.8. Cell treatments with hydrogen peroxide (H,05)

F98 cells were cultured in DMEM (Invitrogen, Carlsbad, CA, USA) supplemented with 10%
FBS (Invitrogen), and with (or without) 100 pM OKN-007 at 37 °C in a humidified
atmosphere containing 5% CO,. The cells were cultured to 70-80% confluence in 25 cm?
flasks. Next, the cells were serum-starved overnight and then treated with H,0O, (final
concentration 50 pM) for a total of 3 h, with a medium change every 30 min. After
treatment, the cells were washed with ice-cold PBS (phosphate-buffered saline), and then
scraped to collect from culture flasks. The collected cells were incubated on ice in PBS for
20 min, and then centrifuged at 10,000g 4 °C for 10 min to remove insoluble materials. The
sample protein concentration in the extracts was quantified using a Pierce microplate BSA
(bicinchoninic acid) protein assay kit (Pierce Biotechnology, Rockford, IL, USA) using BSA
as a standard.

2.9. Lipid peroxidation assay

A microplate assay OxiSelect MDA Adduct Competitive ELISA kit (Cell Biolabs, Inc., San
Diego, CA) was used in this study, similar to a study by El Ali et al. [17]. First, an MDA
conjugate was coated on an ELISA plate. The unknown MDA protein samples or MDA-
BSA standards were then added to the MDA conjugate on a preabsorbed ELISA plate. After
a brief incubation, an anti-MDA polyclonal antibody was added, followed by an HRP
conjugated secondary antibody. The absorbance was measured at 450 nm. The content of
MDA protein adducts in unknown samples was determined by comparison with a
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predetermined MDA-BSA standard curve. Values were expressed in terms of MDA
pmol/mg protein.

2.10. Protein oxidation

A 3-NT ELISA kit (Abcam, Cambridge, MA) was used for detection and quantification of
3-NT in cell lysates. The assay employs an antibody specific for 3-NT coated on a 96-well
plate. Standards and samples were pipetted into the wells and 3-NT present in the sample
was bound to the wells by the immobilized antibody. The wells were washed and a biotin-
labeled anti-3-NT detector antibody was added. After washing away unbound detector
antibody, HPR-conjugated streptavidin specific for biotin labeled detector antibody was
pipetted into the wells. The blue color developed after addition of a TMB (3,3",5,5"-
tetramethylbenzidine) substrate to the washed wells was measured at 600 nm. The protein 3-
NT content in unknown samples was determined by comparing with a standard curve that
was prepared from predetermined 3-NT BSA standards.

2.11. Gold labeling immunoelectron microscopy

Brain tissue was removed and cut to size of about 2 cm and 3-5 mm thick then fixed in 4%
paraformaldehyde + 0.1% glutaraldehyde in 0.1 M phosphate buffer (PB) for 1 h at room
temperature or at 4 °C, and then washed thoroughly with PB (pH 7.3). Tissue was trimmed
further to 1-2 mm pieces. Osmication was omitted for labeling procedures. Dehydration was
in an ethanol series (50%, 70%, 80%, at 15 min each). Tissue was placed in 2:1 LR White
resin (Electron Microscopy Sciences, PA) to 70% ethanol for 1 h to avoid tissue shrinkage,
and then further infiltrated in 100% LR White for 1 h, overnight, and then two changes for
30 min. Tissue was added to gelatin capsules and LR White polymerized at 50 °C for 24 h.
Gold-silver sections were placed on nickel grids coated with Formvar or colloidin. Sections
on grids were protein-blocked in Aurion goat gold conjugate (Electron Microscopy
Sciences, PA) for 30 min and washed in PBS-0.2% bovine serum albumin 3x for 5 min at
pH 7.4 (Electron Microscopy Sciences, PA). Aurion ultra small gold conjugate—goat
antibiotin (Electron Microscopy Sciences, PA) in PBS-0.2% BSA-c was applied at 1:100 for
overnight at 4 °C or for 4 h at room temperature. Grids were washed in PBS-0.2% BSA-c
(pH 7.4), 6% for 5 min; in PBS, 3x for 5 min; in distilled water 5x for 2 min. Silver
enhancement was done by placing grids on a droplet of Aurion R-Gent SE-EM enhancement
mixture (Electron Microscopy Sciences, PA) for 90 min and then washed in distilled water.
Controls involved sections with no secondary antibody (antibiotin) and no silver
enhancement. Sections were stained with uranyl acetate for 15 min followed by lead citrate
for 3 min. Sections were viewed with a Zeiss T109 electron microscope with Gatan digital
micrograph software operated at 80 kV.

2.12. High performance liquid chromatography (HPLC) analysis of OKN-007 in rat brain
tissues

OKN-007 was extracted from normal (contralateral brain tissue) and glioma tumor tissue
lysates in methanol to precipitate tissue proteins following centrifugation at 14,000 rpm for
30 min. The solvent in the supernatant was removed by centrifugal evaporation at 35-40 °C.
Dried samples were reconstituted in 200 uL methanol/water (1/9 v/v) and mixed thoroughly.
The extract solution was filtered through a 10,000 molecular weight cutoff filter by
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centrifugation (14,000 rpm for 30 min). An aliquot was injected into an HPLC system
(Hewlett-Packard 1100 HPLC system, with a C18 250 x 4.6 mm i.d. column (Supelco)) with
a flow rate of 0.35 mL/min, UV detection at 297 nm, an injection volume of 5-10 pL, a
mobile phase of acetonitrile/83 mM acetate buffer (pH 5.5)/water (5/75/20 v/v/v). OKN-007
eluted between 7 and 10 min. Tissue sample concentrations were determined from a
standard curve.

2.13. Statistical analysis

Statistical differences between the probe-administered and control groups were analyzed
with an unpaired, two-tailed Student #test using commercially available software (InStat;
GraphPad Software, San Diego, CA, USA). A P< 0.05 was considered to indicate a
statistically significant difference.

3. Results

Representative examples of images obtained in F98 gliomabearing rats are shown in Fig. 2.
Pre- and post-DMPO probe contrast images are shown in Fig. 2A and B, respectively. A 7»-
weighted morphological image depicts the tumor location (outlined region in Fig. 2C). A
difference image illustrating increased anti-DMPO probe accumulation is shown in Fig. 2D,
along with representative ROIs in the tumor and contralateral (normal) brain regions.

There were differences in the levels of macromolecular free radicals detected in the different
treatment groups. OKN-007 was found to significantly decrease (£ = 0.0411) the levels of
macromolecular free radicals detected in the treated group compared to the untreated
animals who were both administered the anti-DMPO probe. There was no significant
difference in the level of macromolecular free radicals detected between the OKN-007-
treated group and the group that received the IgG probe (negative control group) (Fig. 3A-
D). Some of the anti-DMPO probe is also detected in blood vessels (depicted as small cross-
sectional blood vessel regions, most notably in all three treatment groups outside the
outlined tumor regions) (Figs. 3Aii—Cii). Anti-DMPO levels in the tumor regions represent
uptake of the anti-DMPO probe in the tumor tissue as well as anti-DMPO probe that may be
in tumor blood vessels. Some of the anti-DMPO probe is also detected in surrounding
tissues, such as the muscle above the brain regions in all treatment groups (Figs. 3Aii-Cii).

The difference between the amounts of anti-DMPO probe in untreated and OKN-007-treated
F98 rat gliomas was confirmed by using a streptavidin-HRP detection system (Fig. 4),
whereby the streptavidin—-HRP bound to the biotin moiety of the anti-DMPO probe (Fig. 1B)
in excised tumor tissues. The amount of anti-DMPO probe was elevated in the UT F98
glioma rats administered with the anti-DMPO probe (Fig. 4A), but not the ones administered
with OKN-007 (Fig. 5B) and/or the UT glioma-bearing rats given the nonspecific 1gG
contrast agent (Fig. 4C). HPLC was used to establish that OKN-007 could penetrate the
blood-brain barrier in normal rat brain as well as reach rat glioma tumors (Fig. 4D.)

Ex vivoimmunoelectron microscopy of F98 rat glioma tissues after administration of gold-
labeled antibiotin was performed to determine the subcellular localization of the anti-DMPO
probe (Fig. 5). The gold-labeled antibiotin was found to be distributed within the plasma
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membrane, as well as the nuclei of the F98 tumor cells in rats administered the anti-DMPO
in vivo (Fig. 5B). In comparison the control tumor cells (previously administered the
nonspecific 1gG contrast agent /in vivo) only had the gold-labeled antibiotin within cell
nuclei (Fig. 5A).

Ex vivo IHC of Nrf2 levels in untreated and OKN-007-treated F98 glioma tissue samples is
shown in Fig. 6A-C. OKN-007 treatment was found to significantly (/<0.05) decrease the
expression of Nrf2 (see Fig. 6A for representative example), compared to untreated (see Fig.
6B for representative example) F98 gliomas (Fig. 6C). £x vivo IHC of inducible nitric oxide
synthase (iNOS) levels in untreated and OKN-007-treated F98 glioma tissue samples is
shown in Fig. 6D-E. OKN-007 treatment was found to significantly (P<0.01) decrease the
expression of iNOS (see Fig. 6D for representative example), compared to untreated (see
Fig. 6E for representative example) F98 gliomas (Fig. 6F). £x vivo IHC of 3-NT (Fig. 7A-
C) or MDA (Fig. 7D-F) levels in OKN-007-treated F98 gliomas also were significantly
lower (P<0.05 for both) compared to UT rats. 3-NT levels measured via ELISA in F98 cells
treated with OKN-007 were significantly lower (£<0.05) compared to UT F98 cells (Fig.
8A). Likewise, MDA adduct levels measured by ELISA in F98 cells treated with OKN-007
were significantly lower (A<0.001) compared to UT F98 cells (Fig. 8B).

4. Discussion

RONS are now appreciated to play a role in the signaling involved in the regulation of
various physiological processes, and therefore are essential for maintaining normal cell
function. However, overproduction and cumulative production of RONS can cause damage
to DNA, proteins, lipids, and other macromolecules, and induce cell death. Consequently,
oxidative stress and oxidative damage have been implicated in the pathogenesis and
progression of many human diseases, including cancer [18]. Although the exact mechanism
by which RONS promote tumorigenesis remains poorly understood, it is known that DNA
damage appears to play a key role in cancer development. For instance, RONS induce DNA
damage, where the reaction of free radicals with DNA generates strand breaks, base
modifications, and DNA protein cross-links [2].

Apart from DNA damage, other mechanisms also have been proposed to explain the
connection between free radicals and human cancer development, mutation, and
transformation. One mechanism underlying these actions is the activation of transcription
factors such as hypoxia inducible factor (HIF)-1a., which leads to the induction of VEGF
(vascular endothelial growth factor), a key mediator of angiogenesis and tumor progression.
Activation of HIF-1a also leads to the upregulation of metalloproteinases (MMP), which are
important in tumor invasion and metastasis [19]. RONS also contribute to tumor survival and
progression by facilitating immunosuppression. Both reactive species upregulate the activity
of myeloid suppressor cells, which are abundant in the tumor microenvironment and
function to inhibit antitumor adaptive immunity [20]. Furthermore, various reports have
demonstrated that growth factors such as PDGF (platelet-derived growth factor) and EGF
(epidermal growth factor) can stimulate RONS production. RONS, in turn, may directly or
indirectly activate several mitogen-activated protein kinases (MAPKSs) [21, 22], the AKT
pathway [23], and the nuclear factor of kappa light polypeptide gene enhancer in B-cells
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(NF-kB) [24]. Also, NF-kB induces iNOS (inducible nitric oxide synthase), leading to
increased production of reactive nitrogen species, which might result in generation and
accumulation of additional DNA mutations that drive tumor progression (Fig. 7) [25].
Additionally, the expression of iNOS in tumor cells induces the expressions of MMP-1 and
-2, and VEGF-C and -D, and is associated with tumor growth, invasion, and
lymphangiogenesis [26, 27].

All tissues and organs are susceptible to free radical damage. The human brain is especially
vulnerable to free radical attack because of its high oxygen consumption and high
concentrations of easily oxidizable polyunsaturated fatty acids [28]. In addition, the brain’s
antioxidant capacity is lower compared with other organs, and thus the brain may be more
susceptible to oxidative damage [28].

Free radical scavengers, such as spin traps, have been studied by many researchers. The
most widely studied spin trap agents are members of the nitrone class of free radical spin-
trapping agents, in which a nitrone moiety traps ROS in addition to other radical species
[29-32]. Nitrone spin traps have become increasingly attractive prospects for the treatment
of a variety of pathological conditions, particularly because of the stable nitroxides that are
formed after ROS trapping [30, 33]. The nitrone chemical structure in its simplest form can
be represented as X—~CH=NO-Y. The N-O group effectively traps oxygen, carbon, and
sulfur-centered radicals to produce a stable nitroxide radical (-N-0.) [34]. The nitroxide is
then readily excreted from the body via the kidneys, as is the excess nitrone [35].

OKN-007 is a nitrone free radical spin-trapping agent that has exhibited efficacy as a
neuroprotectant, and is involved in the inhibition of the upregulation of inducible nitric oxide
synthase and decreasing glutamate excitotoxicity [11]. OKN-007 is a small molecule that
can traverse the blood-brain barrier, and has anti-inflammatory, antioxidant, and
proapoptotic properties [11-36]. Our group has also established that OKN-007 is an
effective anticancer agent in rodent preclinical glioma models [8-10], and it is currently
undergoing clinical trial assessment as a new investigational drug for recurrent adult
glioblastomas.

There are several methods that have been used to monitor the levels of free radicals /n vitro
and /n vivo. Recently, our group reported the /n7 vivo detection of free radicals in a G261
mouse glioma model by combining immunospin-trapping and molecular magnetic resonance
imaging [6]. It was previously demonstrated 7 vitro that OKN-007 is an effective free
radical scavenger for hydroxyl radicals [37]. In the present study we demonstrated, through
the use of the combined IST and mMRI techniques, that OKN-007 was able to decrease the
levels of macromolecular free radicals in a preclinical F98 rat glioma model.

Specifically, we combined mMRI with a Gd—-DTPA-albumin-based contrast agent for signal
detection with the specificity of an antibody for DMPO nitrone adducts (anti-DMPO probe),
to detect /n vivo macromolecular free radical levels in untreated and OKN-007-treated adult
F98 rat gliomas. As a negative control, we used a nonspecific 1gG antibody covalently
bound to the albumin—-Gd-DTPA-biotin construct. To calculate the 77 relaxation, we
normalized the 77 relaxation values from the tumor area to the contralateral side of the brain
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in each animal dataset. We used the contralateral side of the brain to normalize the 7;
relaxation values of the tumor region as we detected no significant difference in the Tq
relaxation values in the three treatment groups, 120 min after the administration of the either
the anti-DMPO probe or nonspecific 1gG contrast agent (UT + anti-DMPO probe, 3426

+ 322.5 ms; OKN-007 + anti-DMPO probe, 3363 £ 573.1 ms; UT + 1gG probe, 3498

+ 313.0 ms). OKN-007 was found to significantly decrease (£ = 0.0411) the levels of
macromolecular free radicals in the treated group compared to the untreated animals
administered with the anti-DMPO probe. There was no significant difference between the
OKN-007-treated group and the group that received the IgG probe (negative control group)
(Fig. 3A-D), indicating that OKN-007 reduced macromolecular free radical levels to
undetectable levels. The presence of the anti-DMPO probe was also confirmed by targeting
the biotin moiety of the anti-DMPO probe with streptavidin-HRP (Fig. 4A). There was little
or no detection of HRP in the OKN-007-treated sample or the 1gG-ad-ministered tumor
tissue (Fig. 4B and C). Support regarding the effect of the ability of OKN-007 to decrease
oxidative stress was also obtained from /n vitro ELISA assessment of DCF levels in F98
cells which were either treated with OKN-007 or untreated (Fig. 8A).

We have already demonstrated with immunofluorescence that the anti-DMPO probe binds to
membrane bound macromolecular free radicals in GL261 glioma tumor cells [6]. Here we
also used immunoelectron microscopy to demonstrate the presence of the anti-DMPO probe
in the cytoplasm/membrane and cell nuclei of F98 glioma tumor cells. In this technique,
antibiotin—gold was used to bind specifically to the biotin group of the anti-DMPO probe.
The 1gG contrast agent, which also has a biotin moiety, was not detected with the antibiotin—
gold in the plasma membrane. Likewise the level of nuclear staining was lower for the 1gG
contrast agent-administered sample. However, nuclei staining was found in the glioma cells
administered the anti-DMPO probe. Due to the size of the anti-DMPO probe, we do not
think that this probe could be taken up by the cell nuclei. There are three possible other
reasons that could account for nuclear staining for biotin. It may be possible that the nuclear
positive gold staining could be caused by nonspecific staining as a result of secondary
labeling of biotin in newly replicated DNA [38, 39], or endogenous biotin, which has widely
been taken up in the cell nuclei [40], or biotin could have come from biodegradation of the
anti-DMPO probe. As the control 1gG contrast agent sample had little staining for biotin, we
surmise that the biotin detected in the cell nuclei from the glioma sample administered the
anti-DMPO probe was from biodegradation of the probe which had accumulated in the
glioma cells of untreated tumors.

OKN-007 was also found to affect some specific oxidative stress-related biomarkers. Nrf2 is
an important transcriptional factor associated with cellular responses to oxidative stress [41].
Nrf2 has been found to be highly expressed in cancers and may contribute to
chemoresistance [42-44]. Nrf2 may be involved as a critical transcription factor for
controlling glioma angiogenesis [41]. In this study, Nrf2 levels were found to be
significantly decreased (P<0.05) in OKN-077-treated F98 gliomas, compared to UT rats
(Fig. 6A—C). Nrf2 is constitutively targeted for degradation by the CUL3KEAPL E3 ybiquitin
ligase and the 26S proteasome. In the presence of oxidative stress, one or more cysteines of
KEAP1 become oxidatively modified leading to dissociation of KEAP1 and Nrf2 from the
remainder of the CUL3 ligase. Stabilized Nrf2 then translocates to the nucleus and induces
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the expression of cyto-protective genes that collectively neutralize free radical stress and
restore redox homeostasis. Thus, the reduced detection of Nrf2 levels following OKN-007
treatment is consistent with a reduction of free radicals by the drug, and subsequent
degradation of Nrf2 by CUL3KEAPL  Although stabilized Nrf2 is typically detected in the
nucleus of cultured cells, we detected the transcription factor in both the cytoplasm and the
nucleus (e.g., Fig. 6B). This may be attributed to reduced efficiency of Nrf2 nuclear
translocation [45] and/or additional changes specific to disease states. Others have reported
similar localization properties of the transcription factor in tumor cells [46-50]. It should
also be noted that since Nfr2 levels in tumors are associated with chemoresistance [42-44,
49], OKN-077 may in addition potentially be of therapeutic benefit for chemoresistant
gliomas. It has also been previously shown in ethyl nitrosourea-induced rat gliomas that
IHC-detected levels of MDA and 3-NT are elevated and correlate with glioma growth [51].
In this study, in both the untreated F98 glioma tissues and the F98 cells, the levels of MDA
adducts and 3-NT were found to be highly expressed, and it was determined that OKN-007
could significantly decrease both of these oxidative stress markers (see Figs. 7 and 8).

Redox pathways may be potential targets for cancer therapy. Reduced intracellular RONS
levels through the administration of antioxidants impair cell proliferation and survival in
some types of cancers, such as gliomas [52], colorectal cancer [53], and lymphomas [54].
Martin et al. demonstrated that A-acetylcysteine could decrease C6 glioma cell proliferation,
inducing a cell cycle arrest in the Gg/G1 phase and markedly upregulating p21 expression
[52]. N-Acetylcysteine also decreased AKT activity, extracellular signal-regulated kinase
1/2, and the redoxsensitive transcription factor NF-xB, all of which are RONS related, and
seem to be in close connection with cell proliferation [52].

OKN-007 may share some of the antioxidant mechanisms of action of A-acetylcysteine. It
has been previously shown that nitrones decrease iNOS activity (Fig. 9) [55], which occur in
brain tumors [56]. We also found that OKN-007 decreases iNOS in F98 glioma-bearing rat
tissues with IHC (Figs. D-F). Furthermore, they can also downregulate cytokines [tumor
necrosis factor alpha (TNF-a), interferon-gamma (IFN-y)], and NF-xB expression [57],
which promotes iNOS expression (Fig. 7) [58]. Our data also suggest that the inhibition of
the tumor growth by OKN-007 in different preclinical glioma models, as we have reported
previously [8-10], may in part be due to the reduction of free radicals, as demonstrated in
this study on F98 gliomas. IHC assessment of commonly studied tumor markers for cell
proliferation or differentiation, hypoxia, angiogenesis, and apoptosis indicated that
OKN-007 was able to significantly decrease cell proliferation (glucose transporter 1 (Glut-1)
and the cell proliferation marker, MIB-1) but not cell differentiation (carbonate anhydrase
IX), decrease angiogenesis (microvessel density (MVD; measured as levels of the
endothelial marker, CD-31), but not the VEGF), decrease HIF-1a,, and increase apoptosis
(cleaved caspase 3) compared with untreated controls [8]. OKN-007-induced decreases in
Glut-1 and HIF-1a levels seemed to be similar in both F98 and U87 glioma models, whereas
increased apoptosis seemed to be more elevated in the F98 gliomas compared to the U87
tumors [8]. From these studies we concluded that OKN-007 has the ability to cause glioma
regression in aggressive rodent tumor models (F98 and U87), as well as in moderate gliomas
(C6) [8-10]. Support for the anticancer effect of OKN-007 via the transforming growth
factor B1 (TGFP1) pathway was reported by Zheng et al., where they found that OKN-007
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mediates its antitumor effect in hepatocellular carcinoma cells (Huh7) via the suppression of
TGFP1/SMAD2 and Hedgehog/GLI1 signaling by inhibiting sulfatase 2 (SULF2) enzymatic
activity [59].

5. Conclusions

This is the first attempt at detecting 7 vivo levels of macromolecular radicals from a rat
glioma model and assessing the free radical scavenging capability of a nitrone anticancer
agent. OKN-007 was found to dramatically reduce macromolecular free radical levels
compared to untreated gliomas. mMRI provides the advantage of /n vivo image resolution as
well as the assessment of the spatial location of oxidative stress events in heterogeneous
tissues or organs.

This method can potentially be applied toward other types of cancers for the in vivo
assessment of macromolecular free radical levels. The results indicate that OKN-007
treatment substantially decreased free radical levels in a F98 rat glioma model.
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Fig. 1.

Agproach for combined in vivo mMRI and IST. (A) Free radicals that are generated as a
result of oxidative stress processes can be trapped by the spin-trapping compound, 5,5-
dimethyl-1-pyrroline A~oxide (DMPO), to form DMPO-R adducts, which can be further
assessed by immunospin trapping (IST), a method that uses an antibody against DMPO-
nitrone adducts. (B) Schematic structure of anti-DMPO probe or nonspecific 1gG contrast
agent. (C) Immunospin trapping of free radicals (@R) with mMRI anti-DMPO probe.
DMPO is injected ip to trap free radicals and generate nitrone-radical (R) adducts. Anti-
DMPO is injected iv to target nitrone-R adducts, which can be visualized by mMRI.
Modified from Biochimica et Biophysica Acta, 1832(12), Towner RA et al. (2013) [6].
Copyright (2013), with permission from Elsevier. (D) Schematic representation of the
timeline for the experimental procedures used in this study. Top timeline represents tumor
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volumes (mm3), and the bottom timeline refers to the procedures performed (days). F98 rat
glioma cell implantation was performed on day 0. Morphological ( 7>-weighted) MRI scans
were started 10 days after the F98 cell implantation and were performed every 2—-3 days
until the end of the study. OKN-007 treatment (anticancer therapy) was initiated when the
tumor volumes were between 10 and 15 mm3. DMPO administration (100 mg diluted in 200
pL of saline) (free radical trapping) was started when the tumor volumes were between 70
and 80 mm3. After DMPO treatment (at 24-28 days post F98 cell implantation), injection of
the anti-DMPO probe was done to detect the presence of free radicals, or the IgG contrast
agent was administered as a control.
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A

L

Fig. 2.

M%rphological MR images obtained before and 2 h after injection of anti-DMPO probe
(contrast agent) in a F98 rat glioma moldel. (A) Representative 7;-weighted image before
injection of the anti-DMPO probe. (B) Representative 7;-weighted image 2 h after injection
of the anti-DMPO probe. (C) Representative 7,-weighted image of F98 rat glioma. (D)
Representative difference image, which is the subtraction between the 7; images of pre- and
2 h after injection of the contrast agent (A,B). The dark regions in the tumor depict areas of
increased uptake of the anti-DMPO probe. Representative ROIs in the tumor and
contralateral side of the brain are illustrated as circles in each region. The tumor is
delineated by a dashed line in each panel.
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T, relaxation ratio

UT + anti-DMPO probe OKN-007 + anti-DMPO probe UT + IgG probe

Fig. 3.

mﬁ/IRI detection of free radical adducts in a F98 rat glioma model. Representative MR
images from: (A) untreated + anti-DMPO probe, (B) OKN treatment + anti-DMPO probe,
(C) untreated + 1gG probe, treated F98 rat gliomas. (A-Ci) 7,-weighted images of F98
glioma. (A-Cii) T,-weighted images overlayed with a difference 7;-weighted image (red),
which was the subtraction between the 2 h postcontrast and the precontrast images after
injection of either the anti-DMPO probe or the 1gG contrast agent. Overlays of the contrast
difference images and the 7>-weighed images were generated using the 3D Analysis
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Software for Life Sciences Amira. Red regions indicate the presence of the anti-DMPO
probe or the IgG contrast agent. Outside the outlined tumor regions the detection of the anti-
DMPO probe can occur in blood vessels (small regions depicting blood vessel cross
sections) and surrounding muscle tissues (top regions). (D) OKN-007 was found to
significantly decrease (P=0.0411) (1.407 + 0.1548, 17=5) the levels of free radicals in the
treated group compared to the untreated animals (5.131 + 1.437, n=7), which both received
the anti-DMPO probe. There was no significant difference between the OKN-007-treated
group and the untreated animals that received the IgG contrast (negative control group).
Values are represented as means + SD. Asterisks indicate statistically significant differences
(*P<0.05). UT: untreated animals.
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OKN-007 (ng/ml)
O N & O 5 n g

Control Tumor

Fig. 4.
Ex vivo detection of the anti-DMPO probe in F98 rat gliomas with streptavidin horseradish

peroxidase (HRP), and detection of OKN-007 in brain tissues. Streptavidin-HRP binds to
the biotin moiety of the anti-DMPO probe. The detection of the anti-DMPO probe is
elevated in untreated F98 gliomas administered with the anti-DMPO probe (A, brown stain),
but not for those treated with OKN-007 (B). There is no detection of sustained nonspecific
1gG contrast agent with streptavidin—-HRP (C). Magnification = 200x. (D) High performance
liquid chromatography (HPLC)-derived brain tissue levels (concentration in ng/ml of tissue
lysate) of OKN-007 following oral administration (via gavage; 18 mg/kg (0.015% w/v)) in
glioma tumor (Tumor) and contralateral normal brain (Control) tissues in rat glioma-bearing
rats. OKN-007 was found to be equally taken up in normal brain and tumor tissues.
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Fig. 5.
Immunoelectron microscopy detection of the anti-DMPO probe in the plasma membrane/

cytoplasm and cell nuclei in F98 rat gliomas. The biotin moiety of the anti-DMPO probe
was targeted with gold-antibiotin. (A) F98 glioma tumor cells administered a nonspecific
1gG contrast agent /in vivo, and stained with gold—antibiotin. Note no detection of gold-
antibiotin colloid in either the plasma membrane/cytoplasm or the cell nucleus. (Bi-iii)
Gold-antibiotin colloids were detected within the plasma membrane/cytoplasm (black
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arrows) and cell nuclei of F98 tumor cells administered the anti-DMPO probe. Scale bar = 1
um. Magnification = 20,000%. /7= nucleus; ¢ = cytoplasm; pm = plasma membrane.
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Fig. 6.
Ex vivoimmunohistochemistry detection of Nrf2 and iNOS in F98 gliomas. IHC detection

of Nrf2 in OKN-007-treated and untreated (UT) F98 rat gliomas (central tumor regions). (A)
Representative Nrf2 expression in an OKN-007-treated F98 glioma. (B) Representative Nrf2
expression in a UT F98 glioma. (C) Nrf2 tumor positivity (total of positive cells/total cells)
in OKN-007-treated (/7=5) and UT (/7=9) F98 glioma tissues. There was a significant
decrease in Nrf2 levels from OKN-007-treated tissues (£ = 0.0335) compared to UT
samples. IHC detection of iINOS in OKN-007-treated (/7=5) and untreated (UT) (/#=8) F98
rat gliomas (central tumor regions). (D) Representative iINOS expression in an OKN-007-
treated F98 glioma. (E) Representative iNOS expression in a UT F98 glioma. (F) iNOS
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tumor positivity (total of positive cells/total cells) in OKN-007-treated and UT F98 glioma
tissues. There was a significant decrease in iNOS levels from OKN-007-treated tissues (P =
0.0018) compared to UT samples.
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Ex vivoimmunohistochemistry detection of 3-NT and MDA in F98 gliomas. IHC detection
of 3-NT in OKN-007-treated and untreated (UT) F98 rat gliomas (central tumor regions).
(A) Representative 3-NT expression in an OKN-007-treated F98 glioma. (B) Representative
3-NT expression in a UT F98 glioma. (C) 3-NT tumor positivity (total of positive cells/total
cells) in OKN-007-treated (/7=4) and UT (r7=4) F98 glioma tissues. There was a significant
decrease in 3-NT levels from OKN-007-treated tissues (P = 0.0375) compared to UT
samples. IHC detection of MDA protein adducts in OKN-007-treated, and untreated (UT)
F98 rat gliomas (central tumor regions). (D) Representative MDA adduct expression in an
OKN-007-treated F98 glioma. (E) Representative MDA adduct expression in a UT F98
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glioma. (F) MDA adduct tumor positivity (total of positive cells/total cells) in OKN-007-
treated (7=4) and UT (r7=4) F98 glioma tissues. There was a significant decrease in MDA
adduct levels from OKN-007-treated tissues (P = 0.0154) compared to UT samples.
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Fig. 8.

In vitro ELISA detection of 3-NT and MDA adducts in F98 glioma cells. (A) Detection of 3-
NT in OKN-007-treated (/7=4) and UT (r7=4) F98 cells, both exposed to H,O,. There was a
significant decrease in 3-NT levels following OKN-007 treatment (P = 0.0264) compared to
UT F98 cells. (B) Detection of MDA adducts in OKN-007-treated (/7=4) and UT (r=4) F98
cells, both exposed to H,O,. There was a significant decrease in MDA adduct levels
following OKN-007 treatment (£ = 0.0004) compared to UT F98 cells.
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Schematic representation of possible antioxidant mechanisms of action for the anticancer
agent OKN-007. OKN-007 scavenges radicals associated with tumor (e.g., glioma) growth.
OKN-007 decreases iNOS (inducible nitric oxide synthase) activity and also downregulates
some proinflammatory cytokines (TNF-a and IFN-y) and NF-xB expression, which
promotes iINOS expression and NO formation. ERK 1/2, extracellular signal-regulated
kinase 1/2; HIF-1a, hypoxia inducible factor-1a; IFN-vy, interferon-gamma; iNOS,
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inducible nitric oxide synthase; NO, nitric oxide; ONOO™, peroxynitrite; Oo-~, superoxide
anion, TNF-a,, tumor necrosis factor alpha.

Free Radic Biol Med. Author manuscript; available in PMC 2018 October 31.



	Abstract
	Introduction
	Materials and methods
	Glioma implantation
	Syntheses of DMPO-specific MRI contrast agents
	DMPO administration
	OKN-007 treatment
	MR Imaging
	Calculation of relative probe concentration
	Immunohistochemistry
	Cell treatments with hydrogen peroxide (H2O2)
	Lipid peroxidation assay
	Protein oxidation
	Gold labeling immunoelectron microscopy
	High performance liquid chromatography (HPLC) analysis of OKN-007 in rat brain tissues
	Statistical analysis

	Results
	4. Discussion
	Conclusions
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Fig. 9.

