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HET0016: N-hydroxy-N’-(4-butyl-2-methylphenol)formamidine; EEZE:14,15 

epoxyeicosa-5(Z)-enoic-methyl sulfonylimide; EETs: epoxyeicosatrienoic acids; 
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ABSTRACT 

The present study examined the effects of N-hydroxy-N'-(4-butyl-2 methylphenyl) 

formamidine (HET0016), a selective inhibitor of the formation of 20-

hydroxyeicosatrienoic acid (20-HETE) on the growth of 9L rat gliosarcoma cells in vitro 

and in vivo. After 48 hr incubation, HET0016 reduced the proliferation of 9L in vitro by 

55% and this was associated with a fall in p42/p44 MAPK and SAPK/JNK 

phosphorylation, and increased apoptosis. HET0016 inhibited EGF and PDGF-induced 

proliferation and diminished phosphorylation of PDGF receptors. A stable 20-HETE 

analog increased 9L cell proliferation. In vivo, chronic administration of HET0016 (10 

mg/Kg/day, ip) for two weeks reduced the volume of 9L tumors by 80%. This was 

accompanied by a 4-fold reduction in the mitotic index, a 3-4 folds increase in the 

apoptotic index and a ~50% decrease in vascularization in the tumor. HET0016 

treatment increased mean survival time of the animals from 17 to 22 days. LC/MS 

experiments indicated that neither 9L cells grown in vitro nor 9L tumors removed 

produce 20-HETE when incubated with AA. The normal surrounding brain tissue, 

however, avidly makes 20-HETE, and this activity is selectively inhibited by HET0016. 

These results suggest that HET0016 may be the prototype of a class of anti-growth 

compounds that may be efficacious for treating malignant brain tumors. In vivo, it may 

act in part by inhibiting the formation of 20-HETE by the surrounding tissue. However, 

the anti-proliferative effects of HET0016 on 9L cells in vitro appear unrelated to its ability 

to inhibit the formation of 20-HETE. 
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INTRODUCTION 

Malignant glioma cells like 9L are highly aggressive tumors of the central nervous 

system (Schmidek et al., 1971; Barth, 1998). Brain tumors, particularly glioblastomas, 

are resistant to conventional therapies, including radiation and chemotherapy. One 

characteristic of malignant gliomas is the autocrine stimulation of growth due in part to 

the generation and secretion of endogenous growth factors by the tumors, including 

Epidermal Growth Factor (EGF), Fibroblast Growth Factor (FGF) and Vascular 

Endothelial Growth Factor (VEGF) (Plate and Risau, 1995; Dunn et al., 2000).  

20-HETE has been implicated to play a role in promoting the growth of several 

cell types (Roman et al. 2003). Blockade of 20-HETE formations attenuated the growth 

responses to serum, nor-epinephrine and EGF (Lin et al.1995). Muthalif et al. reported 

that activation of the Ras/MAPK by nor-epinephrine, angiotensin II and EGF is 

dependent on the formation of 20-HETE, which is generated after activation of 

phospholipase A2 by Calcium/calmodulin protein kinase II. This suggests that 20-HETE 

play a central role in the regulation of other cellular signaling molecules involved in cell 

proliferation and growth (Muthalif et al. 1998).  

(N-hydroxy-N'-(4-butyl-2 methylphenyl) formamidine (HET0016) has recently 

been reported to be a highly selective inhibitor of the synthesis of 20-HETE by enzymes 

of the CYP4A and CYP4F families (Seki, et al., 2005; Miyata et al., 2001) In subsequent 

studies, HET0016 was found to inhibit the angiogenic responses to EGF, VEGF, FGF 

and electrical stimulation in rats (Chen et al., 2005; Amaral et al., 2001). HET0016 also 

blocked angiogenesis in the cornea stimulated by the implantation of a human U251 

glioblastoma cells (Chen et al., 2005) as well as the proliferation of U251 cells grown in 
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vitro (Guo et al., 2005). In the latter study, we also found that HET0016 inhibited the 

phosphorylation of the EGF receptor (EGFR) and decreased growth responses of U251 

cells to EGF.  

These studies suggested that HET0016 might have therapeutic potential for the 

treatment of glioma. The 9L gliosarcoma, which was chemically induced in an inbred 

Fischer rat, has been one of the most widely used of all rat brain tumor models and has 

provided much useful information relating to brain tumor biology and therapy. There is 

no information on the role of CYP4A products in the growth of 9L gliosarcoma cells. 

Thus, the present study examined the effects of HET0016 on the proliferation of a rat 9L 

gliosarcoma cell in vitro and the growth of 9L tumors after implantation of these cells in 

the brains of rats (Schmidek et al., 1971; Barth, 1998). 
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METHODS 

Culture Conditions. The 9L gliosarcoma cell line used in these studies was 

generously provided by Dr. K. T. Wheeler, Wake Forest University (Wheeler and 

Kaufman, 1981). The cells were grown in DMEM, supplemented with 10% heat 

inactivated fetal bovine serum (FBS), penicillin (10 IU/ml), streptomycin (10 µg/ml) and 

10% non-essential amino acids (Invitrogen, Carlsbad, CA), and maintained at 37oC in a 

humidified incubator containing 5% CO2. 

Cell Proliferation Assays. Proliferation studies were performed with cultures 

plated at a density that ensured exponential growth for at least 5 days. Unless indicated 

otherwise, the growth medium was replaced with serum-free medium 24 hr after plating 

the cells, since HET0016 is avidly bound by serum proteins. Cell growth was followed 

for 24 or 48 hr after stimulation with the addition of EGF or PDGF (200 ng/ml) to the 

medium in the presence or absence of 10 µM HET0016 (Taisho Pharmaceuticals Co. 

Ltd., Satiama, Japan). Other cultures were treated with 20-hydroxyeicosa-5(Z),14(Z)- 

dienoic acid (WIT003), a stable 20-HETE agonist. All of the test agents were dissolved 

in EtOH and an equal volume of EtOH was added to the cultures as vehicle control. The 

concentration of EtOH in the media never exceeded 0.1%. After 24 or 48 hr of exposure 

to the test agents, the cells were harvested by exposure to a solution of 0.25% 

Trypsin/EDTA and counted using a hemocytometer. 

[3H]Thymidine Incorporation Studies. Thymidine incorporation studies were 

performed with cells grown in 35-mm culture dishes. The cells were labeled by the 

addition of Methyl-[3H]thymidine (1 µCi/ml) to the medium and the reactions were 

stopped after 1 hr. The medium was drawn off and the cells were rinsed twice with cold 
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phosphate buffered saline (PBS). The cultures were then fixed with cold 5% 

trichloracetic acid overnight at 4 oC, after which the cells were extracted as previously 

described (Guo and Reiners, 2000). A second replicate set of non-fixed dishes was 

treated with 0.25% trypsin/EDTA to estimate cell numbers. [3H]thymidine was detected 

by scintillation counting and expressed as dpm/103 cells. 

Assessment of Apoptosis. The effects of HET0016 to induced apoptosis in 9L 

cells were examined by fluorescence-activated cell-sorting (FACS) analysis after 

labeling the cells with an annexin V-FITC antibody (Sigma, St. Louis, MO). After 

incubation of 9L cells with either vehicle or 10 µM HET0016 for 48 hr, the cells were 

trypsinized, washed, and pelleted. Non-attached floating cells were also collected by 

centrifugation. The cells were resuspended in a binding buffer, treated with 5 µl annexin 

V-FITC conjugate and 10 µl of propidium iodide (PI), and incubated in the dark at room 

temperature for 20 min before performing a FACS analysis using a Becton Dickinson 

FACScan (Franklin Lakes, NJ) cell sorter. A minimum of 104 events/sample was 

collected. Data were analyzed using Cell Quest Pro software (San Jose, CA). 

Western Blotting. 9L cells were treated with vehicle or 10 µM HET0016 for 

various times and washed twice with ice-cold PBS. Cells were then lysed using a RIPA 

buffer [20 mM HEPES (pH 7.4), 100 mM NaCl, 1% Nonidet P-40, 0.1% SDS, 1% 

deoxycholic acid, 10% glycerol, 1 mM EDTA, 1 mM NaVO3, 50 mM NaF and protease 

inhibitors Set 1 (Calbiochem, La Jolla, CA)]. The plates were scraped and the cells were 

collected into a centrifuge tube, followed by incubation on ice for 30 min. The cell 

homogenates were centrifuged for 10 min at 14,000g at 4 oC and the pellets were 

discarded. The protein concentration of the supernatant was determined using the BCA 
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protein assay (Pierce Biotechnology Inc., Rockford, IL). Typically, 10 µg of homogenate 

protein was separated on a 10-14% Tris-glycine gel (Invitrogen) and transferred to a 

PVDF membrane (Biotrace, Bothell, WA). The membranes were treated for 1 hr at room 

temperature with blocking buffer [0.2% I-Block reagent (Tropix, Bedford, MA), 0.1% 

Tween-20 in 1x PBS] and then incubated with primary antibodies in blocking buffer 

overnight at 4 oC. The primary antibodies used were phospho-p42/p44 MAPK 

(T202/Y204)(20G11), phospho-SAPK/JNK (T183/Y185) (98F2) monoclonal antibodies, 

phospho-EGF receptor and phospho-PDGF-β (Y76) antibodies (Upstate, Waltham, 

MA). The phospho-p44/p42 MAPK and phospho-SAPK/JNK were used at a dilution of 

1:1000, while the EGFR and PDGFR antibodies were used at a 1:500 dilution. After 

washing the membranes, the membranes were incubated for 1 hr at room temperature 

with a 1:4000 dilution of a peroxidase-conjugated secondary anti goat, mouse or rabbit 

antibodies (Upstate). The membranes were then washed 3 times and developed using 

an enhanced chemiluminescence kit (Upstate). Stripped membranes were re-probed 

with actin antibody that served as a loading control. 

Tumor Implantation. Brain tumors were seeded by injecting 9L cell suspensions 

into the cerebral cortex of male Fisher 344 rats (Charles River Laboratories, Wilmington, 

MA). The rats were anesthetized with ketamine (80 mg/Kg, im) and xylazine (10 mg/Kg, 

im). The head was immobilized in a stereotactic frame (David Kopf Instruments, 

Tujunga, CA). After a skin incision to expose the skull, a small hole was drilled 2 mm 

lateral and 2.5 mm anterior of the bregma. Immediately prior to each implantation, cells 

were trypsinized and resuspended in serum-free DMEM medium, containing no 

additional supplements. A 10 µl Hamilton syringe attached to a 26 gauge needle was 
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inserted 3.5 mm into the cerebral cortex and 1x104 cells in 5 µl DMEM medium was 

injected over a 5 min period. A 5 min waiting period was observed prior to slowly 

withdrawing the needle. The hole in the skull was sealed with bone wax, and the 

incision closed (Kim et al., 2003: Kim et al., 1999). The tumor was allowed to grow for 

two days before the rats received twice-daily ip injections of HET0016 (10 mg/kg/day in 

10 % lecithin in water) or vehicle (10% lecithin in water). Others have used this dose 

(Hoagland et al., 2003; Caron et al., 2004). Under these conditions the average 

HET0016 values in plasma are close to the 10 µM dose used in vitro (RJ Roman, 

personal communication).  

After two weeks, the rats were anesthetized, a catheter was inserted into the left 

ventricle of the heart and blood was flushed from the vasculature by perfusing with 250 

ml of 0.9% saline solution. This was followed by perfusion fixation with 200 ml of a 10% 

solution of buffered formalin in PBS. The brains were then collected and stored in 10% 

formalin. 

Histology and Immunohistochemistry. The formalin-fixed brains were sliced 

into 3-mm thick blocks. These blocks were embedded in paraffin, cut into 6 µm thick 

sections which were mounted on positively charged frosted slides. Alternated serial 

sections were either stained with H&E to assess the size of the tumor or processed for 

immunohistochemical identification of markers of proliferation (Ki-67 antigen), apoptosis 

(TUNEL assay) or vascular density by staining with fluorescein Lycopersicon 

Esculentum Lectin or Von Willibrand Factor (VWF) immunoreactivity. Images of H&E 

stained serial sections containing tumor were captured using a SONY CCD camera 

using 2X objective. Since the sizes of tumor between vehicle- and HET0016-treated 
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animals are substantially different, the distance between the first and the last serial 

sections that were identified positive for tumor staining by H&E was used to define the 

saggital distance of the tumor. The area of each section was measured using the AIS 

Image Analysis System software (Imaging Research, St. Catherine, ON, Canada). 

Tumor volume was determined from the area of tumor in each section multiplies the 

thickness of the sections and then summed to obtain the total tumor volume for each 

brain. 

For Ki-67 immunohistochemistry, the sections prepared were deparaffinized and 

boiled in a citric acid buffer (pH 6.0) for 20 min. The sections were allowed to cool for 20 

min, placed in a blocking buffer [2% normal goat serum, 1% BSA in PBS] for 1 hr, 

rinsed twice in a wash buffer [0.5% Tween-20 in PBS], blocked with H2O2 for 10 min 

and then rinsed in wash buffer. The sections were incubated for 30 min with a 1:200 

dilution rabbit polyclonal anti-Ki-67 antibody in 1.0% BSA in PBS (Abcam Inc., 

Cambridge, MA). The sections were rinsed in a washing buffer, incubated with 

biotinylated goat anti-rabbit IgG diluted 1:500 in PBS (Vector Laboratories, Inc., 

Burlingame, CA) for 30 min, and rewashed. The sections were then incubated with a 

1:500 dilution of HRP-streptavidin (Jackson ImmunoResearch Laboratories, Inc., West 

Grove, PA) for 30 min, washed and then incubated with 3,3’-diamino-benzidine (DAB) 

substrate (Vector Laboratories, Inc.) for 8 min. The sections were washed, 

counterstained with Meyer’s hematoxylin for 5s and exposed to ammonia in water and 

then they were dehydrated, cleared, and mounted. 

Tumor apoptosis was assessed with an ApopTag peroxidase detection kit 

(Chemicon International Inc., Temecula, CA) according to the manufacturer’s 
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recommendations. Briefly, re-hydrated sections were digested with proteinase K (20 

µg/ml) for 15 min at room temperature. This was followed by quenching in 3.0% solution 

of H2O2 for 5 min and washed. The sections were then labeled with a TdT enzyme in a 

humidified chamber at 37oC for 1 hr, and anti-digoxigenin conjugate was applied for 30 

min at room temperature. Sections were washed, developed in peroxidase substrate, 

counterstained in 0.5% solution of methyl green for 10 min, dehydrated, and mounted 

for light microscopy. 

Proliferation and Apoptosis Indices. Five animals/group were used to assess 

the effects of HET0016 on the proliferative and apoptotic indices in the 9L tumors. 

Images of Ki-67 staining and TUNEL assay were captured using a 10x, 20x or 40x 

objective. The images were overlaid with a grid, and the total number of Ki-67 positively 

stained, and TUNEL positive cells were counted. The proliferation and apoptosis indices 

were calculated as the number of positively stained cells divided by the total number of 

cells in the grid multiplied by 100. The proliferation and apoptosis indices of at least 6 

fields/section were averaged and this value was used to calculate mean values ± SEM. 

Tumor Vascularization. Tumor vascularization was determined by 

immunostaining the sections with Von Willibrand Factor or fluorescein Lycopersicon 

Esculentum (Tomato) lectin. The sections were stained for Von Willibrand Factor as 

follows. The brain sections were de-paraffinized and boiled in citric acid buffer (pH 6.0) 

for 30 min. After samples were cooled for 20 min, the tissue sections were digested with 

proteinase K (20 µg/ml) for 15 min at 37 oC. The sections were incubated with a 1:500 

dilution of an anti-VWF antibody (Chemicon International Inc.) followed by a 1:500 

dilution of secondary antibody as described for Ki-67. The images were taken from two 
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random fields per section using a 20x objective. The sections were obtained from the 

mid tumor region of five animals/group. Vessel densities were assessed by counting 

VWF-positive structures and expressed as numbers of these structures/field. In another 

experiment, vessels were also visualized in five animals/group after staining the tissue 

sections with a tomato lectin. Briefly, tumor sections were deparaffinized and rehydrated 

in distilled water. The sections were labeled with a 1:40 dilution of a tomato lectin 

(Vector Laboratories Inc.) at 4 oC overnight. The sections were then rinsed with water 

followed by applying Vectashield mounting media with DAPI (Vector Laboratories Inc.). 

Finally, the slides were covered and mounted for fluorescent microscopy. Sections 

Representative images were captured using a 10x, and 50x objectives. 

Survival Studies. Rats were implanted with a 9L tumor. After 2 days, they begin 

to receive twice-daily ip injections of vehicle or HET0016 (10 mg/kg/day). Rats were 

monitored daily for loss of weight, signs of toxicity, and behavioral changes. They were 

sacrificed if a loss of mobility, lethargy, hemorrhaging around eyes, and hunched 

posture was observed. 

CYP Metabolism of Arachidonic Acid. 9L cultures were plated and grown 

overnight followed by serum starvation. The cells were harvested, pelleted, and snap 

frozen in liquid N2. The metabolism of AA was also studied in the homogenates of brain 

tumors and normal tissue from the control hemisphere. The edge of each tumor was 

trimmed to remove surrounding normal tissue. The tissues and cells were homogenized 

in a 10 mM KPO4 buffer containing 300 mM Sucrose and centrifuged a 3,000g followed 

by 11,000 g for 20 min. In preliminary studies we performed kinetic studies using 1 mg 

protein from brain microsomes and incubated with 10-100 µM arachidonic acid for 30 
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min. We found that Vmax was obtained at 42 µM substrate. Under these conditions the 

amount of 20-HETE produced was such that was easily detected and measured by 

mass spectrometry. Based on these data, aliquots of the supernatant (1 mg protein) 

were incubated with a saturating concentration of arachidonic acid (40 µM) in a 0.1 M 

KPO4 buffer containing 1 mM NADPH for 30 min at 37 oC in the presence or absence of 

10 µM HET0016. The incubations were stopped by acidification with formic acid, and 

extracted with chloroform:methanol (2:1) after addition of 1 ng of an internal standard, 

14,15-epoxyeicosa-5(Z)-enoic-methyl sulfonylimide (EEZE). The samples were 

reconstituted in 50% acetonitrile, and then the HETEs and epoxyeicosatrienoic acids 

(EETs) in the samples were separated using an isocratic step gradient on an 18C-RP 

2×250 mm microbore HPLC (150×21 3 µm; BetaBasic18; Thermo.Hypersil-Keystone) 

using a mobile phase consisting of acetonitrile:water:acetic acid (57:43:0.1) for 20 min 

to resolve the HETEs followed by acetonitrile:water:acetic acid (63:37:0.1) for 15 min to 

resolve the EETs. The samples were ionized using an electrospray source and the 

peaks eluting with a mass/charge ratio (m/z) of 319 (HETEs and EETs) or 323 (internal 

standard) were isolated and monitored in the selective ion mode using an Agilent LSD 

ion trap mass spectrometer 1100 (Agilent Technologies, Palo Alto, CA). The ratio of ion 

abundances in the peaks of interest (HETEs and EETs; m/z 319) versus that 

corresponding to the closely eluting internal standard (EEZE; m/z 323) was determined 

and compared with a standard curve generated over a range from 0.1 to 2 ng of 20- 

HETES and EETs with each batch of samples. 

Statistical Analysis. Data from the in vitro experiments were analyzed using 

ANOVA followed by a Tukey’s test. A t test was used to evaluate the significance of 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 13, 2005 as DOI: 10.1124/jpet.105.097782

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #097782 

 15

differences in tumor volume, mitotic index, apoptotic index, flow cytometric analysis, and 

density of VWF-positive structures in vehicle and HET0016 treated rats. A Wilcoxon 

rank-sum test was used to analyze the survival data. A P<0.05 was considered to be 

significant. 
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RESULTS 

Study of 9L cell in vitro 

HET0016 Inhibits 9L Cell Proliferation. HET0016 produced a dose dependent 

inhibition of the growth of 9L cells in culture (Figure 1A). HET0016 at concentration of 1 

and 10 µM significantly reduced cell number at 48 hr by ~30 and 55%, respectively. 

This led to the selection of 10 µM HET0016 for the subsequent in vitro experiments. As 

is presented in Figure 1B, HET0016 (10 µM) reduced thymidine incorporation in 9L 

cells by ~ 60%. 

To determine whether 20-HETE stimulates proliferation of 9L cells, we examined 

the effects of WIT003, a 20-HETE stable analog, on their growth. At a concentration of 1 

µM WIT003 increased the proliferation of 9L cells by ~32 % (P<0.05, n=3). 

Concentrations higher than 5 µM led to cell detachment and death. 

Effect of HET0016 on Apoptosis in 9L Cells. 9L cells grown in culture for 48 hr 

were labeled with annexin-V and PI, and the number of apoptotic cells was analyzed by 

flow cytometry. We found that HET0016 induced a significant increase in the 

percentage of cells labeled by annexin V, an indicator of cells in the early stages of 

apoptosis, as well as in cells labeled by annexin V and PI, an indicator of mixed necrotic 

and late apoptotic cell populations (Figure 2). 

Effect of HET0016 on PDGF-stimulated Proliferation and Phosphorylation 

of the PDGF Receptor. The results of these experiments are presented in Figure 3. 

We studied whether HET0016 would affect growth responses to exogenously added 

growth factors. We first performed a dose-response curve with EGF, and found that 9L 

cells are not very responsive to this growth factor, since their proliferation was barely 
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affected by concentrations of EGF up to 100 ng/ml. At a concentration of 200 ng/ml, 

EGF did increase their growth by 28 ± 7.5% (P<0.05, n=3). Treatment of the cells with 

HET0016 not only completely inhibited the effects of EGF on the growth of these cells, 

but decreased cell count to 70% ± 3.2 of the number of cells seen in cultures treated 

with vehicle alone (P<0.05, n=4). 9L cells show considerable basal phosphorylation of 

the EGF receptor (EGFR), and we were unable document increases in EGFR 

phosphorylation by EGF stimulation or any effect of HET0016. We also tested the 

effects of Hepatocyte Growth Factor (HGF), VEGF, bFGF-2, and Platelets Derived 

Growth Factor (PDGF) on the proliferation of 9L cells grown in culture. Of these, only 

PDGF (200 ng/ml), increased proliferation rate on the average of ~30%. The 

proliferative effects of PDGF were significantly (P<0.05) inhibited by 10 µM HET0016 

(Figure 3A). Subsequently, we tested the effects of HET0016 on the phosphorylation of 

PDGF receptor in 9L cultures treated with 200 ng/ml of PDGF. We found that 

phosphorylation of PDGF receptor increased by 3.5-fold in 9L cells treated with PDGF 

and 10 µM HET0016 inhibited this effect by ~50% (Figure 3B, C).  

Effects of HET0016 on Activation of the MAPK and SAPK/JNK Pathways in 

9L Cells. The phosphorylation and activation of mitogen-activated protein kinases 

(MAPK) is known to play a key role in the regulation of cell growth and proliferation. 

Treatment of 9L cells with HET0016 (10 µM) for 4 hr significantly reduced the 

phosphorylation of p42/p44 MAPK (Figure 4A). The reduction in the phosphorylation of 

p42/p44 MAPK was greater after 24 hr exposure to HET0016. The similar trend was 

observed for the phosphorylation of SAPK/JNK (Figure 4B). No changes were detected 

in the levels of total p42/p44 MAPK or SAPK/JNK in these cells. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 13, 2005 as DOI: 10.1124/jpet.105.097782

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #097782 

 18

Metabolism of AA in 9L cells. A representative LC-MS chromatogram profiling 

the metabolites of AA produced by cultured 9L cells is presented in Figure 5. Cultured 

9L cells did not produce 20-HETE when incubated with AA. These cells did produce the 

lipoxygenase products 12- and 15-HETE along with some other HETEs as well as 

14,15- and 11,12-EETs. HET0016 had no significant effect on the production of any of 

these metabolites. 

Study of 9L Gliosarcoma in vivo 

Effect of HET0016 on the Growth of 9L Gliosarcoma in Rats in vivo. After 9L 

cells are implanted into the forebrain of normal Fisher rats, a rapidly growing tumor is 

formed. Under the present experimental conditions, control animals generally die 

around 17 days after seeding the tumor. Thus, the rats in this study were sacrificed 15 

days after implantation of the tumor. Rats treated with HET0016 looked healthier and 

exhibited much smaller tumors at necropsy than those seen in control rats (Figure 6A). 

An example section through the mid plane of the tumors of control and HET0016 

treated rats are presented in Figure 6B. On the average, the volume of the tumor in the 

HET0016-treated rats was 80% smaller than those seen in control rats treated with 

vehicle (Figure 6C). 

Effects of HET0016 on Cell Proliferation and Apoptosis in 9L Tumors. To 

determine whether HET0016 affects 9L tumor growth at the level of cell proliferation, Ki- 

67 IHC was performed (Figure 7A) and the proliferative index (Figure 7B) was 

calculated for both controls and HET0016-treated tumors (30.4 ± 5.6 and 7.8 ± 2.1, 

respectively; P<0.05). HET0016 reduced the mitotic index in treated tumors by almost 

75%. 
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The effects of HET0016 on the percentage of apoptotic cells in the 9L tumors are 

presented in Figure 8A. Considerable number of TUNNEL-positive cells was present in 

the tumors of the vehicle treated rats. The number of apoptotic cells was 3-4 folds 

greater in 9L tumors obtained from rats treated with HET0016 than that seen in the 

control rats (Figure 8B). 

Effect of HET0016 on the Vascularization of 9L Tumors. The degree of 

vascularization of 9L tumors was determined by labeling the tissue with FITC-labeled 

tomato lectin. Using this marker, considerable microvascular growth was observed 

within the 9L tumors (Figure 9). In control animals, the tomato lectin-reactive structures 

within the tumor have a chaotic appearance with many interconnected branches but few 

well defined vascular structures. In contrast, the number of lectin-stained structures 

were markedly less in the 9L tumors obtained from HET0016 treated animals and the 

stained structures were less tortuous and well defined, similar to that observed in 

normal brain tissue.  

To further confirm the effects of HET0016 to inhibit vessel recruitment into the 

tumors, sections obtained from the middle of the tumors were also stained using a Von 

Willibrand Factor antibody that stains endothelial cells. We found that HET0016 

significantly decreased the number of VWF-positive structures by almost 50% 

compared to the number of structures in vehicle treated rats (Figure 10, 30 ± 6 in 

control vs. 16 ± 4 in the treated animals; P< 0.05).  

Effect of HET0016 on Survival Time in Rats with 9L Tumors. The survival of 

rats with 9L brain tumor was increased by treatment with HET0016 by approximately 5 
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days from 17 days in control rats that received vehicle alone to 22 days in the 

HET0016-treated group (Figure 11).  

Metabolism of Arachidonic Acid in 9L Tumor and Normal Brain 

Homogenates. The results of these experiments are presented in Figure 12. In 4 rats, 

normal brain tissue avidly produced 20-, 15- and 12-HETE when incubated with AA. In 

contrast, homogenates prepared from 9L tumors from the same animals failed to 

produce 20-HETE. They exhibited increased production of 12-HETE relative to that 

seen in normal tissue. 
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DISCUSSION 

HET0016 was synthesized as a highly selective inhibitor of CYP4A (Sato et al., 

2001;Miyata et al., 2001;Yu et al., 2004). We recently found that HET0016, markedly 

decreased angiogenic responses induced by a glioma cell line and by VEGF, EGF and 

FGF-2 (Chen et al., 2005). In addition, HET0016 inhibited growth of U251 human 

glioma cells in vitro (Guo et al., 2005). These studies indicated that HET0016 may have 

therapeutic potential to retard the growth of glial tumors. Many investigators have used 

9L rat gliosarcoma cells as a model system to study the effects of different therapies on 

the growth of glioblastoma tumors (Straubinger et al., 2004;Barth, 1998). We examined 

the effects of HET0016 on the proliferation of 9L cells in culture and the growth of 9L 

gliosarcoma in vivo. 

We found that addition of 10 µM HET0016 to 9L cells in culture markedly 

decreases their rate of proliferation. These inhibitory effects were associated with a 

significant reduction in the phosphorylation of p42/p44 MAPK and SAPK/JNK. HET0016 

suppressed growth responses of 9L cells to EGF, as it did in U251 cells (Guo et al. 

2005). Another growth factor, PDGF, triggered a significant grow response that was 

also inhibited by HET0016. This inhibition was associated with a reduction in the 

phosphorylation of the PDGF receptor. HET0016 also inhibited phosphorylation of the 

EGF receptor by EGF in U251 (Guo et al., 2005). These results suggest that HET0016 

interferes with signals that drive some glioma cells proliferation in vitro, appearing to act 

upstream of growth factor receptor activation.  

We examined the effects of HET0016 on the apoptosis of the 9L cells by annexin 

V staining followed by flow cytometry. For analysis we used both attached and detached 
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cells. Annexin V binds to externalized phosphatidylserine in all stages of the cell death 

program, including the early stages (Maiese and Vincent, 2000). Exposure to HET0016 

for 48 hr markedly increase the number of annexin V positive cells, thus suggesting that 

HET0016 triggers the programmed cell death. Cells that are labeled by both PI and 

annexin V are a mix of necrotic and late apoptotic cell populations and constituted a 

small fraction of the cell population. HET0016 doubled the number of cells labeled with 

both markers. In some tumor cells, treatment with compounds that inhibit cell 

proliferation can lower the apoptotic threshold (Milella et al., 2005), and HET0016 may 

act by such general mechanism. The precise pathways affected by HET0016 that lead 

to apoptosis will require further study. There may be cell specificity in the pro apoptotic 

effect of HET0016 since we did not observe apoptosis by TUNNEL assay in cultured 

U251 cells treated with HET0016 (Guo et al., 2005). In that work we did not look at 

detached cells, only at attached cells. In addition, the TUNNEL assay may not detect 

cells in the early stages of apoptosis as flow cytometry for annexin V binding does. 

Together with the studies on U251 cells, (Guo et al. 2005), these data suggest 

that HET0016 has anti-tumor activity against gliomas. We tested if HET0016 would 

affect the growth of experimentally induced 9L brain tumors in rats. We used a Winn– 

type preventive approach, starting treatments two days after 9L cell implantation. The 

animals were sacrificed after two weeks of treatment. At this time, vehicle-treated rats 

have large tumors. Visually, the HET0016-treated rats had a healthier appearance than 

the untreated animals. A well-defined tumor was still present in the HET0016-treated 

rats, but the volume of the tumor was on average 80% less than that seen in the 

vehicle-treated rats. Most of the sections of the rats treated with HET0016 showed 
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tumor edges with less infiltrating tumor satellites compared with the edge of the 

untreated control rats, that show many satellites, infiltrating tumor cells or clusters at the 

periphery of the tumor. Untreated 9L also show zones of necrosis. There was little 

necrosis in the tumors of the HET0016-treated rats, perhaps because the tumors are 

smaller than those in the control rats.  

HET0016-treated rats survived ~5 days longer than control animals. Thus, 

HET0016 slows-down the growth of this tumor. 9L brain tumors are very resistant to 

therapy. The 5-day growth delay observed for this very aggressive tumor (Barth, 1998), 

is exciting and highly significant in light of the dismal prognosis of patients with brain 

tumors being equivalent to a 3-4 month extension in life for a patient with a one-year life 

expectancy. 

HET0016 markedly decreased the number of cells undergoing mitosis, while 

increased the number of cells are apoptotic in 9L brain tumors. These results parallel 

those we found in the in vitro experiments with annexin V binding. Thus, the tumor- 

reducing effects of HET0016 may be explained by decreases in growth rate in 

combination with increases in the rate of cell death.  

We have previously reported that HET0016 was anti-angiogenic (Chen et al., 

2005). Angiogenesis controls the new blood supply routes into the tumor via the host’s 

endothelial cells and the supportive pericytes, and gliomas are well-vascularized tumors 

(Plate and Risau, 1995). We used FITC-labeled tomato lectin to stain the endothelial 

cells within the lumen of the blood vessel, and in some sections we also stain 

endothelial cells with anti-Von Willibrand Factor antibodies. Tomato lectin and has been 

previously to evaluate the vascularization of 9L brain tumors (Mazzetti et al., 2004). The 
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lectin-positive structures in the untreated tumors appear as short, highly branched and 

with the appearance of being connected as a complex network. There were abundant 

vascular structures on the growing edge of the tumor. Conversely, in the HET0016- 

treated rats, there were fewer vessels, and the appearance of the lectin-positive 

structures was indistinguishable from those in the normal contralateral brain, as if 

HET0016 treatment leads to normalization of the vasculature. In addition, the numbers 

of Von Willibrand -positive structures were reduced by almost 50% in HET0016-treated 

tumors. These data suggest that part of the anti-tumor effects of HET0016 may be 

secondary to reduced tumor vascularization. At difference with pure anti-angiogenic 

drugs, HET0016 may also directly interfere with the growth of the tumors, obviously an 

advantage. In general, the anti-tumor effects of HET0016 appear more visible at the 

margins of the tumor edge, which is the site of both tumor progression and new vessel 

formation.  

The results of the LC/MS experiments indicated that while normal brain tissue 

avidly produces 20-HETE, cultured 9L cells or 9L tumors removed from rats did not 

produce 20-HETE. This result is similar to the one we previously reported in U251 cells 

(Guo et al., 2005). We also found that normal brain tissue produced substantial 

amounts of 20-HETE, which was completely inhibited by HET0016. These results 

indicate that the anti-proliferative effects of HET0016 on cultured 9L cells is not due to 

direct inhibition of the formation of 20-HETE but it remains to be determined whether it 

is due to inhibition of the ù-hydroxylation of other fatty acid substrates in these cells. 

This latter possibility however, seems remote since in further studies we found that 9L 

cells in culture do not even metabolize lauric acid (data not shown). In our previous 
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experiments, we demonstrated that U251 cells do express the message and protein for 

the CYP4A enzyme that metabolize AA. We have also found that the 9L cells also 

express CYP4A enzyme (data not shown). These results indicate that the tumor must 

produce some factors that inhibit the activity of CYP4A enzymes (Alonso-Galicia et al., 

1997; Hoagland et al., 2003), or that 20-HETE is rapidly metabolized in 9L cells (Collins 

et al., 2005). On the other hand, inhibition of the synthesis of 20-HETE by normal brain 

tissue may play a role in the ability of HET0016 to reduce 9L tumor growth in vivo. One 

can envision that the 9L tumor may secretes growth factors that stimulate the formation 

of 20-HETE in surrounding normal brain tissue. 20-HETE then might act as a paracrine 

factor to stimulate the growth of the 9L cells as well as promote neo-vascularization of 

the tumor. There is support for this hypothesis, since addition of WIT003, a 20-HETE 

stable analog, increases the growth of 9L cells in vitro, as it did in U251 cells (Guo et al., 

2005). Further, WIT003 stimulates proliferation of endothelial cells and induces 

angiogenesis in the rat cornea (Chen et al., 2005). However, one cannot exclude the 

possibility that the effects of HET0016 to inhibit the growth of 9L gliosarcoma in vivo are 

completely unrelated to CYP4A inhibition. It will be important to elucidate the 

mechanisms by which HET0016 inhibits tumor growth and angiogenesis.  

In summary, the results of this study indicate that HET0016, a compound initially 

synthesized as a selective inhibitor of CYP4A and 4F enzymes, inhibits proliferation of 

9L gliosarcoma cells in vitro and induced a marked decreases in the volume of 9L-

induced tumors. The precise cellular mechanisms explaining the anti-tumor activity of 

HET0016 in vivo appears to be complex and may involve mechanisms beyond mere 
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inhibition of CYP4A activity. HET0016 may be the prototype of a new class of 

compounds with anti-tumor and anti-angiogenic activity. 
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FIGURE LEGENDS 

Figure 1. HET0016 inhibits the proliferation of 9L gliosarcoma cells. Panel A, equal 

numbers of 9L cells (0.75x104) were plated and serum starved for one day prior to the 

exposure of various concentrations of HET0016. Cell counting was performed at 24 and 

48 hr thereafter; Panel B, [3H]-thymidine incorporation into DNA was assessed in 

cultures treated with 10 µM HET0016. Incorporation data were calculated as dpm/103 

cells and normalized to the EtOH controls. Data presented are Mean±SD from 4 

separate experiments, each performed in triplicates. *P<0.05. 

 

Figure 2. HET0016 induces apoptosis in 9L. Cells were plated and treated with 10 µM 

HET0016 for 48 hr as described before. Attached and floating cells were harvested, 

pooled and pelleted. Cell pellets were resuspended into a 1x106 cell/ml suspension and 

labeled with annexin V and PI as recommended by the manufacturer. Flow cytometry 

were performed to examine the effects of HET0016 on inducing apoptosis in 9L. 

Representative charts are shown. LL (Lower Left): annexin V and PI negative – Viable 

cells; LR (Lower Right): annexin V positive - early apoptotic cells; UL (Upper Left): PI 

positive – necrotic cells; UR (Upper Right): annexin V and PI double positive – mix of 

necrotic and late apoptotic cells. HET0016 significantly increased early apoptotic (LR) 

and dead cells (UR). Data represents Mean±SD of two different experiments, each by 

triplicate. *P<0.05 in HET0016-treated vs. control. 

 

Figure 3. HET0016 inhibits PDGF-stimulated 9L proliferation and PDGFR 

phosphorylation. Panel A, Serum starved 9L cultures were treated with either 200 ng/ml 
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PDGF alone, 10 µM HET0016, or both together. Cell proliferation was evaluated 48 hr 

later. Data are presented in folds of increase in cell numbers from T0. *P<0.05 vs. 

controls; #P<0.05 vs. PDGF-stimulated cultures; Panel B, HET0016 decreased the 

phosphorylation of PDGF-β receptor induced by PDGF measured 30 min after PDGF 

addition. Images are the representative of 3 separate experiments; Panel C, 

Densitometry analysis of the effects of HET0016 on PDGF-β receptor phosphorylation. 

 

Figure 4. HET0016 inhibits p42/p44 MAPK, and SAPK/JNK phosphorylation. Cultures 

were treated with 10 µM HET0016 for 4, 24, and 48 hr. Total and phosphorylated 

p42/p44 MAPK and SAPK/JNK were assessed by Western blotting. Actin was used to 

control for uniformed loading. Panel A, HET0016 decreases the phosphorylation of 

p42/p44 MAPK as early as 4hr; Panel B, HET0016 markedly decreases the 

phosphorylation of SAPK/JNK. Data shown are representative blots of 3 separate 

experiments. 

 

Figure 5. 20-HETE synthesis was not detected after incubation of 9L cell extracts with 

arachidonic acid. 9L cells were plated, harvested, pelleted, and resuspended in serum-

free medium and quickly frozen in liquid N2. LC/MS analysis was performed as 

described in Methods. 0.1 ng 20-HETE, 1.3 ng HETEs/EETs, and 10 ng EEZE were 

used as positive controls. 9L controls are in blue, and samples treated with 10 µM 

HET0016 are shown in green. 
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Figure 6. HET0016 decreases 9L tumors growth in vivo. 9L cells (1x104) were injected 

into brains of rats. After two days, the rats were treated with lecithin (vehicle) or 

HET0016 (10 mg/kg/day) for two weeks. Panel A, Appearance of brain tumors from 

vehicle- and HET0016-treated rats; Panel B, H&E sections through the midpoint of the 

tumors in rats treated with either vehicle or HET0016; Panel C, the tumor volumes were 

measured as described in Methods. Data shown are presented as Mean±SD of 6 

animals/group. * P<0.05. 

 

Figure 7. HET0016 decreases proliferative index. Panel A; Rabbit polyclonal anti-Ki-67 

antibody was used to label mitotic cells in tumor sections. Representative images are 

shown at 10x and 40x magnifications; Panel B, the proliferation index was calculated as 

described in Methods. Results shown are Mean±SD of 5 animals/group. *P<0.05. 

 

Figure 8. HET0016 increases apoptotic index. Panel A; TUNEL assay was performed 

using ApopTag Peroxidase in situ apoptosis detection kit according to manufacturer’s 

instructions. Representative images are shown at 20x and 40x magnifications; Panel B; 

the apoptosis index was calculated as described in Methods. Results shown are 

Means±SD of 5 animals/group. *P<0.05. 

 

Figure 9. HET0016 alters vascularization in 9L tumors. Tomato lectin was used to stain 

9L tumor serial sections for blood vessel structures. Images were captured at 10x and 

50x objectives. DAPI was used to visualize nuclei. Images shown are representative of 
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merged pictures of lectin positive (green fluorescence) and DAPI (blue) of 3 

animals/group. 

 

Figure 10. HET0016 decreases the number of Von Willibrand Factor-positive structures 

in 9L tumor. Panel A, IHC using anti-VWF antibodies was performed in 9L tumor 

sections. Representative images were captured using 20x objectives; Panel B, VWF-

positive structures were counted in random 20x fields and expressed as number of 

positive structures/field. Results shown are presented as Mean±SD of 5 animals/group. 

*P<0.05. 

 

Figure 11. HET0016 prolongs the survival of 9L tumor-bearing rats. 9L implanted rats 

were injected every 12 hr with either vehicle or 5 mg/kg HET0016. Animals were either 

found dead or sacrificed when they showed signs of overt neurological stress as 

described in methods. Results are presented as Means±SD of 5 animals/group. 

*P<0.05. 

 

Figure 12. 9L-induced gliosarcoma produce negligible amounts of 20-HETE in vivo. 

Normal brain (Normal in the figure) and tumor core tissues were excised and snap 

frozen in liquid N2. Care was taken to avoid including peri-tumoral tissues in the brain 

tumor samples. Fractions were incubated with arachidonic acids, and fluorescent HPLC 

analysis was performed to detect 20-HETE synthesis. Panel A, Representative HPLC 

and chromatogram of arachidonic metabolites of both normal brain tissues and 9L 
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tumors; Panel B, 20-HETE production in normal and tumor tissue is the Mean±SEM of 5 

samples/group; *P<0.05. 
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