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Abstract

Background: Glioblastoma is a malignant World Health Organization (WHO) grade IV glioma 

with a poor prognosis in humans. New therapeutics are desperately required. The nitrone 

OKN-007 (2,4-disulfophenyl-PBN) has demonstrated effective anti-glioma properties in several 

rodent models and is currently being used as a clinical investigational drug for recurrent gliomas. 

We assessed the regional effects of OKN-007 in the tumor necrotic core and non-necrotic tumor 

parenchyma.

Methods: An F98 rat glioma model was evaluated using proton magnetic resonance spectroscopy 

(1H-MRS), diffusion-weighted imaging (DWI), morphological T2-weighted imaging (T2W) at 7 

Tesla (30 cm-bore MRI), as well as immunohistochemistry and microarray assessments, at 

maximum tumor volumes (15–23 days following cell implantation in untreated (UT) tumors, and 

18–35 days in OKN-007-treated tumors).

Results: 1H-MRS data indicates that Lip0.9/Cho, Lip0.9/Cr, Lip1.3/Cho, and Lip1.3/Cr ratios 

are significantly decreased (all P < 0.05) in the OKN-007-treated group compared with UT F98 
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gliomas. The Cho/Cr ratio is also significantly decreased in the OKN-007-treated group compared 

with UT gliomas. In addition, the OKN-007-treated group demonstrates significantly lower ADC 

values in the necrotic tumor core and the nonnecrotic tumor parenchyma (both P < 0.05) compared 

with the UT group. There was also an increase in apoptosis following OKN-007 treatment (P < 

0.01) compared with UT.

Conclusion: OKN-007 reduces both necrosis and tumor cell proliferation, as well as seems to 

mediate multiple effects in different tumor regions (tumor necrotic core and nonnecrotic tumor 

parenchyma) in F98 gliomas, indicating the efficacy of OKN-007 as an anti-cancer agent and its 

potential clinical use.

Glioblastoma (GBM) IS the most common malignant and aggressive type of primary brain 

tumor in adults.1 Most patients diagnosed with this tumor die within 1 year and only 5% 

survive more than 5 years despite aggressive therapies.2 Advances in molecular biology of 

the tumor and tumor microenvironment have led to the development of novel therapies for 

GBMs; however, better therapeutic options are still needed to increase the prognosis of 

GBM patients.

The roles of nitrones, which include OKN-007 (OKlahoma Nitrone-007; 2,4-disulfophenyl-

PBN), as anticancer agents in gliomas have been studied in detail.3 OKN-007 is a small 

molecule that can traverse the blood–brain barrier, is anti-inflammatory, antioxidant, and 

proapoptotic.3 In orthotopic rat F98 gliomas and human U87 xenografts, OKN-007 was 

found to significantly increase survival of treated versus untreated rats.4–6 Morphological 

MRI showed that tumor volumes in both of these models were significantly decreased in 

treated compared with untreated (UT) animals.5 Despite these findings, the effect of 

OKN-007 in different tumor regions are not fully understood, and the regional effect of 

OKN-007 on necrosis and cell proliferation has not been reported.

Proton magnetic resonance spectroscopy (1H-MRS), used in research and clinical settings to 

measure brain metabolite levels, and diffusion-weighted imaging (DWI), used to 

characterize tumor growth by means of microscopic translational motion of water molecules 

within tissues, are among the most valuable techniques that can provide a more complete 

evaluation of functional, cellular, and metabolic information in human GBMs.7

Here, we report on the use of DWI and 1H-MRS to assess the effects of OKN-007 on 

necrosis and cell proliferation in a F98 rat glioma model. Supporting histological and 

immunohistochemistry data for necrosis, cell proliferation and apoptosis, and microarray 

data analysis, are also presented.

Materials and Methods

Glioma Implantation

The animal studies were conducted with approval (100%) from the Institutional Animal 

Care and Use Committee. F98 rat glioma cell implantation was prepared as previously 

described.5 F98 cells (105 in 10-μL volume) were intracerebrally implanted with a 

stereotaxic device (2 mm lateral and 2 mm anterior to the bregma at a 3-mm depth) in 

Fischer 344 rats (male 200–250 g). Animals were divided into two groups and assessed at 
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maximum tumor volumes: OKN-007-treated (18–35 days after cell implantation) and UT 

(15–23 days following cell implantation). Groups were stratified to ensure that tumor sizes 

were similar before initiation of treatment (11–15 days after cell implantation). For MR 

procedures rats were anesthetized (1.0–1.5% isoflurane). Not all animals were subjected to 

both MRS and DWI, which varied numbers for different datasets. Power calculations 

indicated that n≥9 rats per group allow detection of ~20% difference in tumor growth 

between treatment groups (95% confidence level). All animals were euthanized (CO2 

asphyxiation) at maximum tumor volumes.

OKN-007 Treatment

OKN-007 (Ryss Laboratories, Union City, CA) was administered to rats by drinking water 

(0.018% w/v). Treatment started at 15 days after glioma cell implantation, when tumor 

volumes were 10–15 mm3, and 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 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 (average intake of OKN-007 was ~10 mg/kg/day).

MRI
1H-MR SPECTROSCOPY.—1H-MRS values were obtained in UT (n = 14) and 

OKN-007-treated (n = 9) F98 gliomas, and 12 normal Fischer 344 rats. MRI experiments 

were conducted on a Bruker Biospec 7.0 Tesla (T) (Bruker Biospin, Germany), with a 72-

mm quadrature volume coil for signal transmission and a rat head surface coil for signal 

reception, an actively shielded gradient set (max. 200 mT/m, 2 mT/m/A), and a water heater 

to maintain the body temperature at 37°C. Tumor morphology was observed on spin echo 

T2-weighted (T2W) images using rapid acquisition with relaxation enhancement (RARE), 

with TR (repetition time) = 5000 ms, effective TE (echo time) = 63 ms, 20 transverse 1-mm-

thick slices, field of view = 3.5 × 3.5 cm2, RARE factor = 8, in-plane resolution = 137 × 137 

μm2, and each scan taking 12 min 48 s.

1H-MRS was acquired using stimulated-echo acquisition mode (STEAM), with TE5 4.4 ms, 

TM (mixing time) = 10 ms, TR = 3000 ms, 256 averages, and spectral width = 4006 Hz, and 

each scan taking 12 min 54 s. Nonsuppressed MR spectra were acquired beforehand by 

applying eddy-current correction to maximize signal intensity and decrease peak linewidths. 

Water was suppressed with variable power radio frequency pulses and optimized relaxation 

delays (VAPOR). For all cases, the peak width (full width at half maximum) of the water 

peak was less than 30 Hz following localized shimming (Fastmap, Bruker Biospin), 

conducted by using first- and second-order adjustments. Cubic voxels of 3.0 × 3.0 × 3.0 

mm3 were positioned in either tumor or contralateral normal brain tissue, while maximizing 

the amount of tumor tissue present in voxels at all times.

To analyze the MRS data, we used an in-house Mathematica (version 6.0, Wolfram 

Research, Champaign, IL) notebook. Spectra were then scaled in ppm by calibrating the 

water peak (4.78 ppm). Major brain metabolic peaks were identified as N-acetylaspartate 

(NAA) at 2.02 ppm, choline and choline-containing compounds (total Cho) at 3.22 ppm, 
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creatine (Cr) and phosphocreatine (referred to as total Cr) at 3.02 ppm, and mobile lipids 

(absent in the normal brain tissue), which appeared sharply at 1.3 ppm for the methylene 

group, and 0.9 ppm for the methyl group on fatty acyl groups, in tumor tissue. Quantification 

of variations in metabolite levels were evaluated as peak area ratios of tumor metabolites to 

contralateral choline and creatine: Cr/Cho, NAA/Cho, Lip1.3 (methylene)/Cho, and Lip0.9 

(methyl)/Cho, Cho/Cr, NAA/Cr, Lip1.3 /Cr, and Lip0.9/Cr.

DWI.—An axial multislice DWI sequence covering the entire tumor was performed using 

echo planar imaging (EPI) four-shots pulse sequence (single direction) with the following: 

repetition time/echo time (TR/TE) = 3750/51.1 ms, matrix size5 128 × 128, diffusion 

gradient duration = 4 ms, diffusion gradient separation = 14 ms, five b values (200, 500, 

1000, 2000, and 3000 s/mm2), 234 μm/pixel × 234 μm/pixel in-plane resolution, and each 

scan taking 4 min 15 s. Apparent diffusion coefficient (ADC) maps were generated from 

parametric images for diffusion using traces of b-matrix values (Paravision 5.0) for all slices 

where tumors were observed. Uniform circular regions of interest (ROIs) of 10.0 mm2 were 

drawn in tumor parenchyma and necrotic core regions in each slice of each animal. ADCs 

(×10 3 mm2/s) of each ROI were recorded as mean ± standard deviation, and obtained for 

each tumor region. The number of ROIs for tumor parenchyma in UT (n = 12) and 

OKN-007-treated (n = 12) groups were >1600, and for tumor necrotic core in UT and 

OKN-007-treated groups were >500.

Quantification of Tumor Necrosis

Percent tumor necrosis in UT (n = 10) and OKN-007 (n = 8) treated animals was also 

calculated from T2W images. Tumor and necrotic volumes (mm3) were measured by 

drawing freehand ROIs to measure areas and multiplied by slice thickness and number of 

slices where tumors and necrotic tumor cores were observed. Percent tumor necrosis was 

calculated as follows: (total necrotic tumor volume/total tumor volume) × 100.

Quantification of Tumor Cellularity

Tumor cellularity was calculated in one representative hematoxylin and eosin (H&E) -

stained slide for animals from each group (UT and OKN-007-treated) using Aperio 

ScanScope Image Analysis. The number of tumor cells was counted in three 1-mm2 ROIs 

for each H&E-stained slide. Areas adjacent to or within necrotic or inflammatory regions 

were excluded while counting tumor cellularity. The number of cells per mm2 were 

determined.

Immunohistochemistry

To characterize tumor cell proliferation and apoptosis in both UT and OKN-007-treated 

groups, immunohistochemistry for Ki-67 (1:100 dilution, rabbit polyclonal, clone 

PA5-19462, Thermo Fisher Scientific, IL) and active/cleaved Caspase 3 (1:200 dilution, 

rabbit polyclonal, clone NB600-1235, Novus Biologicals, CO) were performed using an 

automated immunostainer (Leica, Bond-III, Leica, Buffalo Grove, IL), respectively.

Aperio ScanScope Image Analysis was used to determine Ki-67 labeling index (Ki-67 LI) 

and apoptotic index (AI). Areas with the highest number of labeled nuclei were identified. 
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Ki-67 LI and AI were determined by counting 1000 cells and expressing this as the number 

of labeled cells per 1000 cells 8 for each animal from both treated groups. Labeled cells 

adjacent to or within necrotic areas were excluded while counting Ki-67 LI and AI.

Statistical Analysis

Statistical analyses were performed using Graph Pad Prism 6 (Graph Pad, San Diego, CA). 

All P values < 0.05 were considered statistically significant. Peak area ratios [Cho/Cr, Cr/

Cho, NAA/Cr, NAA/Cho, Lip1.3/Cr, Lip1.3/Cho, Lip0.9/Cr, and Lip0.9/Cho], ADC value, 

total percent necrosis, tumor cell density, Ki-67 LI, and AI were reported as means ± 

standard deviations. Student t-tests (independent-samples, two-tailed t-test) were used to 

assess the differences between means of normal, UT, and OKN-007-treated F98 glioma rats.

Results

OKN-007 Inhibited Tumor Necrosis in the F98 Rat Glioma Model

Representative MR spectra are shown in Figure 1. 1H-MRS values were obtained in normal 

Fischer 344 rats, and in UT and OKN-007-treated rats bearing F98 gliomas. Figure 2 shows 

that the, Lip0.9/Cho (P = 0.024), Lip0.9/Cr (P = 0.024), Lip1.3/Cho (P = 0.027), and 

Lip1.3/Cr (P = 0.027) ratios were significantly lower in OKN-007-treated group than in the 

UT F98 gliomas at the end phase of tumor progression.

Histological assignment of tumor periphery and necrotic core regions are shown in Figure 

3A (UT) and Figure 3B (OKN-007-treated). ADC maps (Fig. 4A,B) were generated from 

the images and used to determine the ADC value of the necrotic tumor core in each animal 

from each group. ADC values within the necrotic tumor core of OKN-007-treated rats were 

significantly lower than UT animals (P < 0.05), which were both significantly higher than 

normal brain (P < 0.0001 for both) (Fig. 4C).

Morphological T2W images were used to assess the percent necrosis per tumor volume in 

both groups, which was significantly higher (P < 0.01) in UT (20.08% ± 2.00, n = 10) 

compared with OKN-007-treated rats (11.96% ± 1.80, n = 7) (Fig. 5). Tumor volumes were 

224.51 ± 91.87 for UT and 125.15 ± 69.24 for OKN-007-treated animals (P = 0.023).

Furthermore, a partial microarray pathway analysis of isolated RNA from UT and 

OKN-007-treated F98 gliomas shows downregulation of genes associated with calcium-

channel regulation due to OKN-007 (Fig. 6). The matrix Gla protein (MGP) and 

microfibrillar-associated protein 4 (MFAP4), which are directly associated with calcium-

channel regulation, were both down-regulated by OKN-007. MGP was down-regulated by a 

3.16-fold change and MFAP4 was down-regulated by a 2.16-fold change as a result of 

OKN-007 treatment. Two other genes linked to calcium-channel regulation were down-

regulated by OKN-007: fibronectin type III domain-containing 1 gene, which is associated 

with G-protein βγ, and ADAM metallopeptidase, which is associated with the tumor 

necrosis factor (TNF).
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OKN-007 Inhibited Tumor Cell Proliferation in the F98 Rat Glioma Model

The Cho/Cr (P = 0.033) ratio obtained in 1H-MRS data was significantly lower in 

OKN-007-treated compared with UT F98 gliomas (Fig. 2B). Tumor cell density (number of 

tumor cells/mm2) was evaluated from H&E-stained tumor sections of both treatment groups. 

The OKN-007-treated group (7571 ± 251, n = 10) showed significantly lower (P < 0.001) 

cellularity compared with UT rats (8442 ± 139, n = 10) (Fig. 3). For DWI, the OKN-007-

treated group showed significantly higher (P < 0.05) ADC values for the non-necrotic tumor 

parenchyma compared with UT rats (Fig. 4D).

Tumor cell proliferation was evaluated by means of immunoexpression of Ki-67, which was 

significantly lower (P < 0.05) in OKN-007-treated (53.25 ± 5.72; n = 6) versus UT animals 

(71.73 ± 5.31; n = 7) (Fig. 7A–C). OKN-007 increased apoptosis, where AI was 

significantly higher (P < 0.01) in OKN-007-treated (27.09 ± 2.25, n = 5) compared with UT 

rats (11.69 ± 3.38; n = 7) (Fig. 7D–F).

Discussion

The anti-cancer response to OKN-007 in F98 gliomas (decreased tumor volume and 

increased survival) was previously reported based on morphological (T2W) imaging, 

bioluminescence imaging, and immunohistochemistry assessments, along with survival data.
5 Assessment of treatment response using other MR parameters, such as 1H-MRS, DWI, and 

perfusion rates, was reported in C6 glioma models,4,9 however the use of a multi-parametric 

approach and regional evaluation, has not been previously reported for F98 gliomas, which 

are more aggressive than C6 gliomas.

In this study, we assessed the effect of OKN-007 in necrotic tumor core and nonnecrotic 

tumor parenchyma regions in heterogeneous regions of F98 gliomas. We demonstrated that 

OKN-007 inhibited both tumor necrosis and cell proliferation in F98 gliomas. 1H-MRS data 

showed decreases in Lip1.3/Cr, Lip1.3/Cho, Lip0.9/Cr, and Lip0.9/Cho ratios for OKN-007-

treated versus UT F98 rat gliomas, which may be associated with decreased necrosis.

The role of mobile lipids in cancer has been the subject of many excellent reviews and 

articles.6,9–18 In brain tumors, the elevation of lipid levels usually correlates with necrosis,
10,13,19,20 and lipids are considered as important biomarkers in the diagnosis and monitoring 

of treatment response.13

Necrosis is a hallmark of GBMs,21,22 with some studies suggesting it is present in over 85% 

of cases.23–26 It is caused by tumor hypoxia as a result of increased cell proliferation and 

mitotic activity, as well as insufficient tissue perfusion.22‘27 The pathway of necrosis in 

glioblastoma begins with acute cellular ATP depletion as a result of electron transport chain 

collapse and subsequent decreased oxidative phosphorylation.28 This lack of ATP leads to a 

failure in the ATP-dependent ion channels and pumps, which initiates a massive cell volume 

increase through Na+ influx. The increased intracellular Na+ concentration results in 

activation of the Na+-K+-ATPase, which further depletes cellular ATP stores.29 This 

depletion leads to the opening of nonselective Ca2+ channels, resulting in elevated 

intracellular Ca2+ levels and activation of the Ca2+-ATPase with eventual mitochondrial 
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depolarization.29 In addition, with severe ATP depletion, ionic homeostasis is no longer 

maintained by the K+ efflux, leading to further Na+ and water influxes that precipitate 

cellular swelling and collapse. As the cell membrane ruptures, the contents of the cells are 

released into the extracellular space, which will lead to the presence of high lipid peaks that 

are detected in 1H-MRS.

In our study, we also found that the AI was higher in OKN-007-treated rats compared with 

UT animals, indicating OKN-007 also affects apoptosis. Abnormal cell survival and 

resistance to apoptosis is also thought to result in central necrosis, a characteristic feature of 

glioblastoma.30 The propensity of glioblastoma for necrosis is also due, in part, to its 

resistance to apoptosis, which drives cells to necrosis as an alternative method of cell death.
30

Spectroscopic findings were also confirmed by DWI and histopathological data analyses. We 

effectively showed that ADC values within the necrotic tumor core of OKN-007-treated 

animals were lower than those in UT rats. The inhibitory effect of OKN-007 in the necrotic 

tumor core of F98 gliomas was also noted in T2W images from each treatment group. 

Percent necrosis tumor volumes were lower in OKN-007-treated compared with UT rats. A 

possible explanation for this observation could be that OKN-007 affects necrosis by down-

regulating the genes associated with Ca2+ channels, thereby reducing intracellular Ca2+ 

levels. The effect of OKN-007 on genes associated with Ca2+ channels was confirmed by 

microarray, where OKN-007 was shown to down-regulate two genes, MGP and MFAP4, 

which are directly related to Ca2+ channels. In addition, a few other genes associated with 

Ca2+ channels also seem to be down-regulated by OKN-007. Because TNFa is related to the 

genes associated with Ca2+ channels, down-regulation of Ca2+-related genes could also lead 

to reduced expression of genes for TNFα, which in turn down-regulates the NF-κβ pathway, 

thereby causing a decrease in necrosis. There was also down-regulation of ADAMTS8, 

which is directly linked to TNF.

Furthermore, our study also demonstrated that OKN-007 inhibited tumor cell proliferation in 

F98 rat gliomas. Previous studies have confirmed that the relative increase in choline in most 

high-grade gliomas is due to an increase in membrane synthesis and accelerated cell 

proliferation.31,32 Total Cho is a composite peak with contributions from choline, 

phosphocholine, and glycerophosphocholine. An increase in total Cho in tumors arises 

primarily from the synthesis and accumulation of phosphocholine, a metabolite produced by 

the rapid uptake and phosphorylation of choline that is necessary for the downstream 

synthesis of phosphatidylcholine, a major membrane phospholipid constituting around 25% 

of mammalian cellular lipids.33,34 We demonstrated that OKN-007 decreased the Cho/Cr 

ratio at the end phase of tumor progression, due to a decrease in tumor cell proliferation, 

which was also confirmed by DWI and histopathological results.

Both intra- and extracellular spaces and their exchange contribute to the measured ADC. As 

cellular density increases, the added tortuosity to extracellular mobility paths reduces water 

mobility and, consequently, the ADC value.35 Based on that observation, within a given 

tissue or cell type, ADC is useful as an indicator of the relative cellularity, such as in the 

evolution of tumor over time following therapy.36 ADC is inversely proportional to cell 
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density,37 and after an effective treatment, cellularity is reduced from apoptosis and necrosis, 

and diffusivity increases.38 A rise in ADC indicates a positive response to therapy. The 

observed increase in water ADC following therapy is directly related to the number of tumor 

cells killed and is thought to be due to the liberation of water into the extracellular space.36 

In our study, the ADC values in the nonnecrotic tumor parenchyma of OKN-treated animals 

were significantly higher than UT rats, reflecting less restricted diffusion consequent to a 

decrease in tumor cellularity in OKN-007-treated F98 gliomas.

Tumor cell density and cell proliferation were also evaluated using H&E-stained tumor 

sections and immunoexpression of the antibody anti-Ki-67, respectively. OKN-007-treated 

rats showed significantly lower cellularity compared with UT animals. Ki-67 LI was 

significantly lower in OKN-007-treated compared with UT rats. Our results also 

corroborated data from other studies,39 confirming a positive correlation of the glioma Cho 

signal with cell density, and an inverse linear correlation between glioma cell density and 

ADC values.

Limitations associated with this study are that animals were evaluated at a final time-point, 

and longitudinal follow-up studies need to be done. Regarding 1H-MRS, spectroscopic 

imaging to assess regional changes in tumor metabolism should be considered.

In conclusion, our 1H-MRS, DWI, immunohistochemical, and microarray data analyses 

showed that OKN-007 reduced necrosis and tumor cell proliferation, which further supports 

the use of OKN-007 as a potential antiglioma agent. It was established that both ADC and 

spectroscopic choline measures are related to glioma cell density in F98 gliomas. 

Furthermore, OKN-007 mediates multiple effects on different (tumor necrotic core and 

nonnecrotic tumor parenchyma) regions of the tumor in F98 gliomas that can be detected in 

vivo.
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FIGURE 1: 
Representative 1H-MR spectra from untreated and OKN-007-treated F98 gliomas. A: Voxel 

(3 × 3 × 3 mm3) location for 1H-MR spectra in tumor and contralateral brain regions in an 

untreated F98 glioma. B: Representative 1H-MR spectra from F98 gliomas depicting 

alterations in metabolite ratios from normal brain and OKN-007-treated and untreated (UT) 

glioma tissues. Spectra were obtained at the end-tumor growth phase. Spectral intensity for 

untreated tumor is the same for OKN-007and normal brain examples.
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FIGURE 2: 
OKN-007 affects tumor metabolites in F98 gliomas. Brain metabolite ratios in normal rat 

brain (n = 12) and UT (n = 14) and OKN-treated (n = 9) F98 rat gliomas compared with 

contralateral (normal) Cho (A) or Cr (B). UT group showed significantly higher Cho/Cr, 

Lip1.3/Cr, Lip1.3/Cho, Lip0.9/Cr, and Lip0.9/Cho compared with normal rat brain. Cho/Cr, 

Lip0.9/Cr, Lip0.9/Cho, Lip1.3/Cr, and Lip1.3/Cho ratios were significantly lower in 

OKN-007-treated group compared with untreated F98 gliomas at end phase of tumor 

growth. OKN-007-treated group demonstrated significantly lower Cho/Cr ratios compared 

de Souza et al. Page 12

J Magn Reson Imaging. Author manuscript; available in PMC 2018 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with normal rat brain. There was no significant difference between NAA/Cr, NAA/Cho, 

Lip1.3/Cr, Lip1.3/Cho, Lip0.9/Cr, and Lip0.9/Cho ratios from OKN-007-treated group and 

normal rat brain. Values are represented as means ± SD. Asterisks indicate statistically 

significant differences (*P < 0.05, ***P < 0.001, ****P < 0.0001). n.s., not statistically 

significant; Cho, choline; Cre, creatine; Lip1.3, methylene; Lip0.9, methyl.
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FIGURE 3: 
Histological assessment of OKN-007 treatment. Representative H&E slides from UT (A) 

and OKN-007-treated (B) F98 gliomas. C: Tumor cell density (number of tumor cells/mm2) 

obtained from histological sections was higher in untreated (UT) group (8442 ± 139, n = 10) 

than in OKN-007-treated group (7571 ± 251, n = 10). For box and whisker plot, the box 

extends from the 25th to 75th percentiles of tumor cell density, the line within the box is the 

median tumor cell density, and error bars are the minimum and maximum values. Asterisks 

indicate statistically significant difference (**P < 0.01). P = tumor parenchyma, and nc = 

tumor necrotic core. Scale bars = 3 mm.
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FIGURE 4: 
Regional changes in ADCs after OKN-007 treatment of F98 gliomas. Representative ADC 

map for UT (A) and OKN-007-treated (B) F98 rat gliomas. Dashed line indicates necrotic 

core (hyperintense region in tumor interior) and dotted line indicates nonnecrotic tumor 

parenchyma (hypointense region surrounding hyperintense necrotic core). C: ADC values of 

necrotic core for OKN-treated (n = 12, >500 ROIs) group were significantly lower than in 

the UT group (n = 12, 529 ROIs), and both were higher than normal brain (n = 10, 30 ROIs). 

D: ADC values of nonnecrotic tumor parenchyma for OKN-treated (n = 12, >1600 ROIs) 

group was significantly higher compared with the UT group (n = 12, >1600 ROIs), and were 

both higher than normal brain (n = 10, 30 ROIs). For box and whisker plots in C and D, the 

box extends from the 25th to the 75th percentile of ADC values, the line within the box is the 

median ADC value, and error bars are the minimum and maximum ADC values. Asterisks 
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indicate statistically significant difference (*P < 0.05, ****P < 0.0001). P = tumor 

parenchyma, and nc = tumor necrotic core.
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FIGURE 5: 
Representative T2W images for untreated (UT) (A) and OKN-007-treated (B) F98 rat 

gliomas. Dashed line indicates the necrotic core (hyperintense region in tumor interior) and 

dotted line indicates the nonnecrotic tumor parenchyma (hypointense region surrounding 

hyperintense necrotic core). C: Percent necrosis tumor volume was significantly higher in 

UT group (20.08 ± 2.00, n = 10) compared with OKN-007-treated group (11.96 ± 1.80; n = 

7). Values are represented as means ± SD. Asterisks indicate statistically significant 

difference (**P < 0.01). P, tumor periphery; nc, tumor necrotic core; v, ventricle; e, edema.
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FIGURE 6: 
Microarray assessment of effect of OKN-007 on calcium (Ca2+) channel regulation. 

Pathway analysis of isolated RNA from F98 gliomas that were untreated (n = 5) compared 

with those that were OKN-007-treated (n = 5) revealed down-regulation (depicted by a green 

color) in genes associated with calcium-channel regulation with a two-fold difference and 

5% false discovery rate. ADAMTS8, ADAM metallopeptidase with thrombospondin type 1 

motif, 8; FNDC1, fibronectin type III domain containing 1; MFAP4, microfibrillar-

associated protein 4; MGP, matrix Gla protein; TNF, tumor necrosis factor; TNFSF9, tumor 

necrosis factor superfamily, member 9.
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FIGURE 7: 
Immunohistochemical nuclear staining of Ki-67 in an untreated (UT) (A) (×200) and 

OKN-007-treated (B) F98 rat glioma (×200). C: Ki-67 labeling index was significantly 

lower in OKN-007-treated group (53.25 ± 5.72, n = 6) compared with UT group (71.73 

± 5.31, n = 7). Immunohistochemical nuclear staining of cleaved caspase-3 in UT (D) 

(×200) and OKN-007-treated (E) F98 gliomas (×200). F: The apoptotic index was 

significantly higher OKN-007-treated (27.09 ± 2.24, n = 5) compared with UT samples 

de Souza et al. Page 19

J Magn Reson Imaging. Author manuscript; available in PMC 2018 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(11.69 ± 3.37, n = 7). Asterisks indicate statistically significant difference (*P <0.05, **P < 

0.01). Scale bars = 200 μm.
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