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Nitroxoline induces apoptosis and slows glioma growth in vivo
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Hong Wu, and Whitney B. Pope

Department of Radiological Sciences, Ronald Reagan UCLA Medical Center, Los Angeles, California (J.L., L.G., H.J.K., B.E., W.B.P.);
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Los Angeles, California (J.N., H.W.); Department of Pathology, University of California San Diego Medical Center, San Diego, California
(L.M.); Department of Pathology and Laboratory Medicine, David Geffen School of Medicine at UCLA, University of California at Los
Angeles, Los Angeles, California (W.Y.); Department of Biostatistics, Fielding School of Public Health and Department of Radiological
Sciences, David Geffen School of Medicine at UCLA, Los Angeles, California (H.J.K.)

Corresponding Author: Whitney B. Pope, PhD, Department of Radiological Sciences, UCLA Radiology Sciences, 757 Westwood Blvd., Ronald Reagan
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Background. Nitroxoline is an FDA-approved antibiotic with potential antitumor activity. Here we evaluated whether nitroxoline
has antiproliferative properties on glioma cell growth in vitro and in vivo using glioma cell lines and a genetically engineered PTEN/
KRAS mouse glioma model.

Methods. The effect of nitroxoline treatment on U87 and/or U251 glioma cell proliferation, cell-cycle arrest, invasion, and ability to
induce an apoptotic cascade was determined in vitro. Magnetic resonance imaging was used to measure glioma volumes in ge-
netically engineered PTEN/KRAS mice prior to and after nitroxoline therapy. Induction of apoptosis by nitroxoline was evaluated at
the end of treatment using terminal deoxyribonucleotidyl transferase (TDT)-mediated dUTP-digoxigenin nick end labeling (TUNEL).

Results. Nitroxoline inhibited the proliferation and invasion of glioblastoma cells in a time- and dose-dependent manner in vitro.
Growth inhibition was associated with cell-cycle arrest in G1/G0 phase and induction of apoptosis via caspase 3 and cleaved poly(-
ADP-ribose) polymerase. In vivo, nitroxoline-treated mice had no increase in tumor volume after 14 days of treatment, whereas
tumor volumes doubled in control mice. Histological examination revealed 15%–20% TUNEL-positive cells in nitroxoline-treated
mice, compared with �5% in the control group.

Conclusion. Nitroxoline induces apoptosis and inhibits glioma growth in vivo and in vitro. As an already FDA-approved treatment for
urinary tract infections with a known safety profile, nitroxoline could move quickly into clinical trials pending confirmatory studies.

Keywords: glioma animal model, invasion, nitroxoline, PTEN, 8-hydroxy-5-nitroquinoline.

The development of more effective therapeutic agents for high-
grade gliomas remains a major challenge in neuro-oncology.
Even with state-of-the-art surgical techniques, radiation, and
temozolomide treatment, the median survival for the most ag-
gressive gliomas (grade IV, glioblastoma) is 12 –16 months
from diagnosis and has improved little over the past 10
years.1,2 The ultimate failure of available treatments is attribut-
ed to drug resistance, infiltrative properties of high-grade glio-
mas, and the inability to completely resect invading tumor
cells. Molecular mechanisms that enable glioma cells to resist
apoptosis, ultimately leading to treatment failure, are only par-
tially elucidated. Glioma cells have unique properties that en-
able them to break down the extracellular matrix and invade
adjacent brain parenchyma. The expression of plasminogen

activators, matrix metalloproteinases, and cysteine proteases
all correlate with glioma progression, grade, and more invasive
phenotype. For these reasons, more effective therapeutic
agents could be sought among the compounds that can effi-
ciently induce apoptosis while inhibiting tumor cell invasion. Re-
cently, the FDA-approved antibiotic 8-hydroxy-5-nitroquinoline
(nitroxoline) has regained attention due to its more potent an-
ticancer properties than similar compounds that are also struc-
turally related to clioquinol and 8-hydroxyquinoline.3

Nitroxoline was found to be one of the most effective inhibitors
of angiogenesis and type 2 methionine aminopeptidase
(MetAP2) among 175 000 compounds from a library of
FDA-approved drugs.4 The same study demonstrated nitroxo-
line’s ability to significantly inhibit growth of breast and bladder
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cancer xenografts in vivo.4 Apart from its role in the inhibition of
angiogenesis, nitroxoline was recently shown to inhibit expres-
sion of cysteine proteinase cathepsin B (catB).5,6 CatB is elevat-
ed in many neoplasms including melanoma and breast, lung,
ovarian, colorectal, and brain cancers.7,8 High levels of catB
are found at the invasive edge of anaplastic astrocytomas
and glioblastoma and in their cell culture media.9 Therefore,
as a compound with the potential to suppress glioma invasion,
nitroxoline has several advantages including a long history of
human use (having been prescribed for urinary tract infections
for more than 50 years in Europe10), tolerable side effects, and
a favorable pharmacokinetic profile. As an already
FDA-approved drug, nitroxoline has the potential to quickly
enter clinical trials as an anticancer agent if it is shown to be
effective for specific tumor types.

Animal models that faithfully mimic the glioma microenvi-
ronment are necessary to evaluate drug therapies. Orthotopic
xenograft models that use glioma/glioblastoma-derived cell
lines have been commonly used for interventional studies,
but their clinical relevance is questionable because of the inabil-
ity to recapitulate many of the features that characterize high-
grade gliomas. Several novel tumor models that more closely
mimic human gliomas have been recently introduced.11 – 13 In
the current work, we employ a genetically engineered mouse
model based on adult neural stem cell-specific phosphatase
and tensin homolog (PTEN) deletion and overexpression of
human Kirsten rat sarcoma viral oncogene homolog KRASG12D

capable of recapitulating many of the characteristics of human
glioma. This glioma model was combined with magnetic reso-
nance imaging (MRI) to evaluate treatment efficacy and help
develop MRI biomarkers that can be used to monitor and pre-
dict treatment response to nitroxoline.

Methods

Cell Lines and Culture

U87 and U251 glioblastoma cells (obtained from Dr. Paul Mis-
chel, formerly at UCLA) were cultured in Roswell Park Memorial
Institute (RPMI)-1640 medium (Invitrogen) or Dulbecco’s Mod-
ified Eagle’s Medium (DMEM) medium supplemented with 10%
fetal bovine serum (FBS), 2 mM glutamine, and 100 units/mL of
penicillin/streptomycin. Human lung adenocarcinoma A549
cell line (obtained from Dr. David Shackelford, UCLA) and
human prostate cancer cell line PC3 (obtained from Dr. Hong
Wu, UCLA) were cultured in RPMI medium supplemented with
10% FBS and 100 units/mL of penicillin/streptomycin.

Cytotoxicity Assay

A cell counting kit-8 (CCK-8, Dojindo) was used to determine
cell viability following nitroxoline (Sigma-Aldrich) treatment.
Four different human cancer cell lines (glioblastoma U87 and
U251, lung adenocarcinoma A549, and prostate cancer PC3)
were plated in triplicate in 96-well plates, 5000 cells per well.
Cells were incubated in RPMI medium containing 1% dimethyl
sulfoxide (DMSO) (control) or 20, 40, 60, 80, and 100 mg/mL
nitroxoline (dissolved in DMSO) for 24 hours at 378C. After incu-
bation with nitroxoline/DMSO, cells were washed 3 times with
phosphate-buffered saline (PBS) and incubated with CCK-8 for

2 hours at 378C. The amount of formazan formed by viable
cancer cells was determined by absorbance at 450 nm using
the Synergy H1 plate reader. The amount of viable cells for dif-
ferent nitroxoline concentrations was expressed as a percent-
age of control cells. All treatment conditions were done in
triplicate. Concentration response course analysis was per-
formed (Sigma Plot 12.5 software, Jandel Scientific) to deter-
mine nitroxoline concentrations required to inhibit the growth
of cancer cells by 50% (IC50) after incubation for 24 hours.

Cell-cycle Analysis by Flow Cytometry

U87 cells (1×105) were plated in 12-well plates and treated
with nitroxoline (5, 10, and 20 mg/mL) in DMEM supplemented
with 5% FBS for 24 hours. Cells were trypsinized with TrypLE Ex-
press (Invitrogen) and washed once with PBS. Cells were
stained with solution containing sodium citrate, 1% Triton
x-100, propidium iodide, and 0.1 mg/mL ribonuclease A for
30 minutes on ice. Separation of cells in G0/G1, S, and G2/M
was based on DNA content (fluorescence intensity) after stain-
ing with propidium iodide. Cells were analyzed using BD LSRII
flow cytometer, and the percentage of cells in each phase of
cell cycle was obtained using Modfit Software (Varity Software
House).

Western Blotting

U87 cells (2×105 cells) were seeded onto 6-well plates in RPMI
medium one day before nitroxoline treatment (0, 20, 40, and
60 mg/mL). Cells were collected after 24 hours of incubation
and lysed in boiled sodium dodecyl sulfate (SDS)-lysis buffer
(10 mM tris [pH 7.5],100 mM NaCl, 1% SDS, and protease inhib-
itor cocktail). Each lane was loaded with 15 mg of protein and
resolved on 4%–12% Bis-Tris NuPAGE (Invitrogen). After elec-
trophoresis, proteins were transferred onto PVDF membrane
and probed with specific antibodies. (For a full list, please see
Supplementary methods.) Proteins were detected by ECL-Plus
and scanned on a Typhoon 9400 scanner. Relative band inten-
sities were measured by densitometry.

U87 Cell Invasion Assay

Two hours prior to invasion assay, 24-well chambers (353097,
BD Biosciences) were coated with 300 mg/mL of Matrigel
(356234, BD Biosciences) according to the manufacturer’s in-
structions. Cell suspensions containing 1×105 U87 cells (in
DMEM medium) were added to each chamber. DMEM with
5% FBS was added to the lower chamber as a chemoattractant.
After 24 hours of incubation, noninvading cells were removed
with cotton swabs, and cells were fixed in methanol for 5 min-
utes. Cells were then stained in 0.2% crystal violet solution for
20 minutes and washed in 3 changes of water. After air-drying,
cells were destained with 200 mL of 10% acetic acid, and
150 mL aliquot was transferred to a 96-well plate and counted
on a Synergy H1 Hybrid Multi-mode Reader (Biotek) at absor-
bance 590 nm. Since the absorbance value of crystal violet
directly correlates with the number of stained cells, we used
this correlation to calculate the percentage of invasion. The
percent of invading cells was calculated by dividing mean ab-
sorbance value of stained cells invading through BD Matrigel
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matrix insert membrane with mean absorbance value of cells
migrating through uncoated insert membrane and multiplying
by 100.

Genetically Engineered Mouse Glioma Model

All animal experiments were approved by our institution’s Ani-
mal Care and Use Committee. For the in vivo evaluation of nitro-
xoline as a potential antiglioma compound, we used a
mGFAP-Cre+; PTEN lox/lox; LSL-KRAS G12D/+ mouse model
(PTEN/KRAS in short) generated by Dr. Hong Wu at UCLA. Con-
ditionally expressed PTEN lox/lox; LSL-KRAS G12D/+ leads to spon-
taneous development of grade III glioma between 6 and 8
weeks of age. Previously, we reported that deletion of PTEN in
adult neural stem cells of the subventricular zone enhances
constitutive neurogenesis without the onset of tumorigene-
sis.14 Here we introduced a new model by conditionally deleting
PTEN with concomitant overexpression of human Kirsten rat
sarcoma viral oncogene homolog KRAS (G12D). (For more infor-
mation on PTEN/KRAS glioma model, please see Supplementary
material.)

Magnetic Resonance Imaging

MR imaging was performed on a 7T Bruker system with a
custom-built 2.2 cm RF birdcage coil. PTEN/KRAS mice were im-
aged between 10 and 12 weeks of age to determine presence
of glioma. If glioma was confirmed on T2-weighted image, the
mouse was randomly assigned to nitroxoline (n¼ 6 mice total)
or control group (soybean oil, n¼ 6 mice total). The MR imaging
was repeated after 7 and 14 days. Mice assigned to the nitro-
xoline group were injected intraperitoneally with 80 mg/kg
nitroxoline (pharmaceutical grade, MIP Pharma) suspended in
soybean oil every day for 14 days. Control groups received
daily 0.01 mL/g soybean oil injections. Animals were anesthe-
tized with isoflurane (4% induction, maintenance with 1.5%).
Mice were kept warm with water heated to 378C and circulated
using a water pump (Gaymar Solid State TP500). The tumor vol-
ume was determined from T2-weighted imaging sequence (TR/
TEeff¼ 6000/93.87, 78 mm2 inplane resolution, 1 mm slice
thickness, NEX¼ 8) by multiplying the slice thickness and the
tumor area. A semiautomated routine based on signal intensity
threshold segmentation was used to calculate the tumor area
by an investigator blinded to the treatment groups. To quantify
transverse relaxation time T2, a multislice multi-echo (MSME)
spin-echo sequence was used (TR/TE¼ 2000/7.26–
101.64 ms, 14 echoes, 78 mm2 inplane resolution, 1 mm slice
thickness, NEX¼ 2). A diffusion-weighted echo planar imaging
(DWI-EPI) sequence (TR/TE¼ 3800/22.03 ms, with 3 b-value¼
0, 500, 1000, 3 diffusion directions and 1562 mm2 resolution,
1 mm slice thickness, NEX¼ 2) was used to calculate apparent
diffusion coefficient (ADC). Nonlinear least-squares regression
was used to estimate ADC from multiple b-value DWIs and T2

from MSME data on a voxel-wise basis. The ADC and T2 values
were calculated as a mean from each tumor region of interest.
Following all other MRI pulse sequences, a postcontrast
T1-weighted spin-echo dataset (1 mm thick slices, TR/TE 500/
7.3 ms, 78 mm2 resolution, NEX¼ 2) was acquired using
0.05 mL Gd-DTPA i.v. injection to visualize blood-brain barrier

(BBB) compromise. All MRI data processing was done using
the NIH software ImageJ (rsbweb.nih.gov/ij/).

Histology, Immunohistochemistry, and Terminal
Deoxynucleotide Transferase-mediated dUTP Nick-end
Labeling Staining

At the end of MRI studies, all animals were overdosed with
100 mg/kg pentobarbital and perfused with 10% formalin.
The brain tissue was extracted and paraffin embedded using
standard procedures. Sections (5-mm thick) were cut, deparaffi-
nized, and stained by standard hematoxylin and eosin (H&E)
technique. H&E sections were examined by a neuropathologist
(W. Y) to confirm the presence of glioma. Identified gliomas
were graded using WHO histopathological criteria: nuclear aty-
pia, mitotic index, necrosis, and microvascular proliferation. Ad-
jacent sections were processed for vascular endothelial growth
factor (VEGF) immunohistochemistry using mouse monoclonal
antibody (1 : 200) (Santa Cruz Biotechnology), followed by Dako
Envision+ system (peroxidase) with blocking steps and second-
ary antibody dilutions according to the manufacturer’s instruc-
tions (DakoCytomation). Sections obtained from U87
orthotopic xenograft model (5-mm thick) were processed as a
positive control for VEGF. NovaRED (Vector Laboratories) was
used as a chromogen. Mayer’s hematoxylin was used as a
counterstain. Additional adjacent sections were TUNEL stained
(2 sections from each animal) using the DeadEnd Colorimetric
TUNEL system (Promega) followed by exposure to chromogen,
diaminobenzidine (DAB), and hematoxylin for counterstaining.
TUNEL-positive cells were counted by a pathology resident (L.
M.) blinded to the experimental design. A score between 0
and 4 was assigned for each section: 0 for no TUNEL-positive
cells; 0.5: for 1%–5%; 1: for 6%–10%; 2: for 11%–30%; 3:
for 31%–50%; and 4 for . 50% TUNEL-positive cells. The aver-
aged score from 2 sections was calculated.

Statistical Analysis

One-way analysis of variance (ANOVA) with the Dunnett’ post
hoc test was used to analyze data from the nitroxoline cytotox-
icity assay, cell cycle, and U87 cell invasion assays. Western Blot
data were analyzed using 1-way ANOVA on ranks with the Dun-
nett’ post hoc test. A 2-way ANOVA with repeated measures
was performed, where changes in volume from day 0 were con-
sidered outcome, and the treatment group and duration of
days (7 and 14) were 2 factors. Trend tests were performed
within each group to test for an increase or decrease in
tumor volume over day 0 (pretreatment) and days 7 and 14
(posttreatment). A mixed-effects maximum likelihood regres-
sion with random intercept and slope model was used to con-
sider the dynamic changes over days in which the dependent
variable was the change in volume. The fixed effects were treat-
ment and days, and the random effect was the individual
mouse. Box-Cox transformation was used for the ADC analysis,
and the similar mixed-effects regression model was used to ac-
count for motion artifact from ADC measurements. A 2-sample
t test was used to compare TUNEL scores between PTEN/KRAS
gliomas and the control group in vivo. Sigma Plot 12.5 software
(Jandel Scientific) and STATA 12.0 were used for analysis.
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Results

Dose and Time Response for the Antiproliferative Effect of
Nitroxoline on Human Cancer Cell Lines in Vitro

The potential of nitroxoline to inhibit cell proliferation for
human glioblastoma cell lines (U87 and U251) was first inves-
tigated in vitro and was compared with growth inhibitory ef-
fects on 2 other human cancer cell lines: lung
adenocarcinoma (A549) and human prostate cancer cells
(PC3). At 24 hours, we found a significant dose-response inhibi-
tion of glioblastoma cell growth with nitroxoline concentration
ranging from 5–80 mg/mL for U251 cells and 40–100 mg/mL
for U87 cells, (Fig. 1A). A similar dose response was found
with human lung adenocarcinoma cells (A549) and prostate
cancer cells (PC3) (Fig. 1A). Nitroxoline was most toxic to
U251 glioblastoma cells, with significant inhibition of growth
starting at a 5 mg/mL concentration, (Fig. 1A). The half-
maximal inhibitory concentration (IC50) of nitroxoline was

lowest for the U251 cell line and highest for the U87 glioblasto-
ma cell line (Table 1). Analysis of time-dependent response re-
vealed that nitroxoline was effective as early as 4 hours at
significantly inhibiting proliferation of U251 cell line starting
at a 10 mg/mL concentration (Fig. 1B–D). In contrast to this
rapid response for U251 cells, nitroxoline became an effective
inhibitor of U87 cell proliferation at 24 hours starting at a con-
centration 60 mg/mL (Fig. 1B–D). Because the U251 glioma cell
line was very sensitive to nitroxoline, we used U87 cells to
determine if nitroxoline could lead to cell-cycle arrest and in-
duce apoptosis.

Cell-cycle Arrest in U87 Cells Following Nitroxoline
Treatment

To investigate the mechanism by which nitroxoline inhibits
growth, we performed cell-cycle analysis on U87 cells.
Following propidium iodine staining, fluorescence-activated

Fig. 1. (A) Dose-dependent inhibition by nitroxoline of U87, U251, PC3, and A549 cell proliferation. Viable cells were quantified by CKK-8 assay after
24 hours of culturing in the presence of different concentrations of nitroxoline. The mean of the absolute absorbance values given by
nitroxoline-treated cells was divided by the mean of the absolute absorbance of control-treated cells and expressed as the percent of viable
cells. Data are represented as mean+SEM of 4 independent experiments. Time-dependent inhibition of U87 and U251 cell proliferation
following 40 mg/mL (B), 60 mg/mL (C), and 80 mg/mL (D) of nitroxoline is shown. Statistical analysis was done using 1-way ANOVA with
Dunnett’ post hoc test (*P , .001).
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cell sorting analysis was performed on U87 cells treated with
nitroxoline. Representative cell-cycle profiles are shown in
(Fig. 2). In the control group, a predominant number of U87
cells were found in G0/G1 and S phase. A substantial propor-
tion of cell-cycle arrest in the G0/G1 phase was observed
with the lowest dose of nitroxoline tested (5 mg/mL), suggest-
ing that nitroxoline can override the bypass of the G1/S check-
point and induce cell-cycle arrest. A similar trend of cell-cycle
distribution was further observed with 10 and 20 mg/mL nitro-
xoline concentrations. Taken together, these results indicate a
cytostatic effect of nitroxoline at doses as low as 5 mg/mL
(Fig. 2).

Table 1. The half-maximal inhibitory concentration of nitroxoline for
human cancer cell proliferation. Among human cell lines tested, U251
glioblastoma cell are the most sensitive to nitroxoline, while U87
glioblastoma cells are the least sensitive.

Cancer Cell Line IC50 [mg/mL]

U87 50
U251 6
A549 38
PC3 23

Fig. 2. Effect of nitroxoline on cell-cycle analysis. Cellular DNA content was measured by propidium iodide staining using fluorescence activated flow
cytometry. (A) Control U87 cells (1×105) were plated and grown in DMEM media with addition of solvent only (0.1% DMSO). (B–D) The same amount
of U87 cells cultured with DMEM with the addition of 5, 10, and 20 mg/mL nitroxoline for 24 hours. The percentages of cell-cycle phases (data shown
as mean+SD, *P , .001, 1-way ANOVA with Dunnett’ post hoc test) shown in each panel are representative of 4 independent experiments.
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Induction of Caspase 3 Expression and
Anti-Poly-(ADP-ribose) Polymerase Cleavage by
Nitroxoline Treatment

Failure of chemotherapeutic agents to induce apoptosis in can-
cer cells is believed to be one of the major mechanisms under-
lying treatment resistance.15,16 To differentiate between
growth arrest and inhibition of proliferation versus ability of
nitroxoline to induce apoptosis, we measured levels of caspase
3 and cleaved anti-poly-(ADP-ribose) polymerase (PARP) by
Western blotting in U87 cells. Proteolytic cleavage of PARP by
caspase 3 is a hallmark of apoptosis. We found a significant in-
crease in caspase 3 and cleaved PARP after 24 hours of 40 and
60 mg/mL nitroxoline treatments (Fig. 3, P¼ .011 for PARP and
P¼ .038 for caspase 3; 1-way ANOVA on ranks). A lower dose of
nitroxoline (20 mg/mL for 24 h) did not lead to significant in-
crease in caspase 3 and cleaved PARP, although this dose in-
duced G0/G1 cell-cycle arrest. These data suggest that lower
doses of nitroxoline may be cytostatic, whereas higher doses
are required for induction of apoptosis.

Reduced Invasion of U87 Cells Following Nitroxoline
Treatment

Malignant glioma cells have unique abilities to remodel the ex-
tracellular matrix in the central nervous system and to migrate

beyond the visible borders of the tumor. Nitroxoline was previ-
ously shown to be a potent inhibitor of catB dipeptidyl carboxy-
peptidase activity.5,6 CatB is a proteinase associated with
invasive properties of many human cancers. Here we tested if
nitroxoline could directly influence the invasive properties of
U87 cells in a dose-dependent manner. Using an in vitro Matri-
gel invasion assay, we found significantly reduced invasion of
U87 cells following 24 hours of nitroxoline treatment starting
at doses as low as 10 mg/mL, which is 5 times lower than the
IC50 (Fig. 4; P¼ .038, 1-way ANOVA with a Dunnett’ post hoc
test, Fig. 4B). Since we did not observe a statistically significant
reduction in proliferation of U87 cells with 20 mg/mL (Fig. 1), it is
unlikely that reduction in invasion is due to cell death. At lower
doses of nitroxoline (2.5 and 5 mg/mL), there appeared to be a
slight reduction of U87 cell invasion at 24 hours, but this was
not significant, (Fig. 4; P¼ .127, 1-way ANOVA).

Effect of Nitroxoline on the Growth of Grade III Glioma
In Vivo

After demonstrating the effects of nitroxoline on glioblastoma
cell growth in vitro, we tested the ability of nitroxoline to inhibit
glioma growth in vivo in a genetically engineered mouse glioma
model. PTEN/KRAS mice spontaneously developed grade III gli-
oma at 6– 8 weeks of age in the white matter near the

Fig. 3. Nitroxoline leads to expression of caspase 3 and PARP cleavage in U87 cells. Cells (2×105) were cultured in DMEM in the presence of solvent
(0.1% DMSO) only (control), or increasing nitroxoline concentrations (20, 40, and 60 mg/mL) for 24 hours. Cell lysates were analyzed by Western
blot for caspase 3 and PARP expression using specific antibodies that recognize both cleaved and uncleaved PARP. To account for small differences
in lane loading, membranes were reprobed with GAPDH. Data are represented as mean+SD of 4 independent experiments. Statistical analysis was
performed using 1-way ANOVA on ranks with Dunnett’ post hoc test (*P , .05).
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subventricular zone. By 10 weeks of age, tumors could be ob-
served invading into the adjacent brain parenchyma. MRI was
used to establish the presence of intracranial tumors and to
measure the initial tumor volumes prior to nitroxoline treat-
ment. A significant difference in volumes was found between
the control and nitroxoline-treated groups at day 0, (Fig. 5M
and N; P¼ 0.004). A significant increase in tumor volume was
found in the control (soybean oil-treated) mice with mean (+
standard deviation [SD]) change in volume of 1.68 mm3

(+1.09) and 3.39 mm3 (+2.03) after 7 and 14 days, respective-
ly (Fig. 5I–L, Fig. 5M; P¼ .024 by trend test). In contrast, a slight
decrease or stable tumor volume was found for the nitroxoline-
treated group after 7 and 14 days of treatment (Fig. 5A–H,
Fig. N; P¼ 0.67 by trend test). To investigate additional MR pa-
rameters that might correlate or predict nitroxoline treatment
effect, T2 and ADC quantification was done on tumor regions of
interest. T2 times were unchanged in the control and
nitroxoline-treated groups at 7 and 14 days (Fig. 5O). In con-
trast, mean (+SD) ADC values were significantly increased by
0.07 (+0.10) and 0.10 (+0.09) 103 mm2/s in the nitroxoline-
treated cohort after 7 or 14 days posttreatment initiation, re-
spectively (Fig. 5P; P¼ .0045), whereas there was no significant
change in ADC values in the control group at either 7 or 14 days
(Fig. 5P; P¼ .06). Additionally, there was no gadolinium con-
trast enhancement of these tumors, consistent with their hav-
ing an intact BBB, (Fig. 5D,H and L).

Development of Grade III Glioma Without Increased
VEGF Expression in PTEN/KRAS Mice

Histological examination of H&E stained brain sections from
PTEN/KRAS mice was used to confirm the presence of glioma.
In all cases (control and nitroxoline-treated mice), areas with
increased signal on T2-weighted images were found to be glio-
ma. These tumors had features common for grade III gliomas
(WHO classification: increased cell density, mitotic activity, nu-
clear atypia, and lack of necrosis and endothelial cell prolifera-
tion [Fig. 6A and B]). Many areas could be identified where the
tumors invaded the adjacent brain parenchyma (Fig. 6A), and
there were no clear borders between the normal brain paren-
chyma and the tumors (Fig. 6A). Immunohistochemistry for
VEGF, one of the key drivers of angiogenesis,17,18 was per-
formed. No VEGF-immunopositive cells were found in the
PTEN/KRAS gliomas regardless of treatment status (Fig. 6C).
This contrasted with the U87 orthotopic xenograft gliomas
(Fig. 6D), where anti-VEGF staining was readily apparent.

Promotion of Apoptosis by Nitroxoline Treatment in PTEN/
KRAS Glioma In Vivo

We performed TUNEL staining on brain sections to evaluate
whether nitroxoline could lead to apoptosis in vivo as one of
the possible mechanisms behind the observed growth inhibi-
tion in the PTEN/KRAS glioma model. Significantly more TUNEL-
positive cells were found in nitroxoline-treated animals
(Fig. 6E–H, Table 2) compared with controls, consistent with
the ability of nitroxoline treatment to induce apoptosis in
PTEN/KRAS gliomas in vivo (P¼ .0271, 2-sample t test).

Discussion
This study represents the first evidence suggesting that nitroxo-
line can act as an antiproliferative compound against malig-
nant glioma at a clinically relevant dose. Here we
demonstrated a direct antiproliferative effect and the ability
to induce apoptosis in both glioblastoma cell lines and a genet-
ically engineered glioma mouse model. We found that lower
doses of nitroxoline led to G0/G1 cell-cycle arrest and could in-
hibit invasion of glioblastoma cells in a dose-dependent man-
ner, both very desirable treatment features. In addition,
nitroxoline was effective for inhibiting proliferation of human
prostate cancer cells (PC3) and human lung adenocarcinoma
cells (A549) in a dose-dependent manner. Because mutated
PTEN is common for all tested cell lines except A549,19 – 21 the
mechanism of nitroxoline action might involve inhibition of
downstream effectors of PTEN such as the Pi3K/Akt/mTOR
pathway. In the absence of functional PTEN tumor suppressor
protein, increased Pi3K/Akt/mTOR signaling is thought to medi-
ate resistance to apoptosis and promote uncoordinated G1 cell-
cycle progression leading to tumorigenesis.19,22 In support of
this mechanism, we observed G0/G1 cell-cycle arrest following
lower doses (5–20 mg/mL) of nitroxoline treatment and expres-
sion of the apoptosis markers caspase 3 and cleaved PARP at
higher doses. We also found that expression of initiation factor
binding protein 4EBP1, which is involved in mTOR activation,
was reduced by nitroxoline treatment in U251 cells (Supple-
mentary Fig. S1).

Fig. 4. (A) Effect of increasing nitroxoline concentrations (2.5, 5, 10, and
20 mg/mL) on U87 cell invasion by Matrigel invasion assay. The percent
of invading cells was calculated as the mean number of cells that
invaded through the Matrigel-coated membrane insert (8 mm pore
size) with mean number of cells that freely migrated through the
uncoated membrane insert, multiplied by 100. Data are represented
as mean+SD of 3 independent experiments. Statistical analysis was
done using 1-way ANOVA with Dunnett’ post hoc test (*P , .05). (B)
Representative photographs of migrating and invading U87 cells
during 24-hour incubation with nitroxoline. Scale bar represents
400 mm.
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Fig. 5. Nitroxoline inhibits glioma growth in vivo. Representative T2-weighted images before and after 7 and 14 days of 80 mg/kg nitroxoline
treatment. Two different nitroxoline-treated animals are shown (A–C and E–G). Arrowheads point to the tumor location. Notice the slight
reduction in tumor volume in both nitroxoline-treated animals (arrowheads). (I–K) Representative T2-weighted images of control tumors,
arrowheads point to the tumor location. (D, H, L) Notice absence of contrast enhancement on postcontrast T1-weighted images within the
tumor region of interest (arrowheads). Tumor volumes were determined before and after 7 and 14 days of vehicle (soybean oil, M) or
nitroxoline (N) treatment using T2-weighed images. Data are represented as mean+SEM. Quantitative changes in T2 (O) and ADC (P) values in
nitroxoline-treated (n¼ 6) vs vehicle-treated mice (n¼ 6). Data are shown as mean+SD. Statistical analysis was done using 2-way ANOVA
followed by the trend test; *P ,.001 for glioma volume and *P ,.05 for ADC changes.
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According to the revised WHO classification of tumors of the
nervous system,23 about 30% of primary glioblastomas carry
PTEN mutations. In our study, all intracranial tumors identified

on MRI were confirmed by histology to be grade III glioma.
None enhanced with gadolinium-DTPA on T1-weighted images,
suggesting a preserved BBB, and these tumors did not contain
any VEGF-immunopositive cells that are typically associated
with increased endothelial cell proliferation and angiogenesis.
Supporting our in vitro findings, evidence of increased apoptosis
was found in the PTEN/KRAS gliomas following nitroxoline treat-
ment. Thus, it appears likely that the primary mechanism of
nitroxoline action involves cell-cycle arrest and direct induction
of apoptosis rather than the inhibition of angiogenesis in our
model system.

To help establish treatment response profiles that can be
used to predict efficacy of nitroxoline therapy, we evaluated
T2 and ADC, which are 2 common clinically used MRI parame-
ters. While we found no significant change in T2 values in the
nitroxoline treated group at 7 and 14 days of treatment,
there was a significant increase in ADC values after 14 days.
Nitroxoline appears to inhibit glioma growth by inducing apo-
ptosis, rather than necrosis, potentially explaining the lack of in-
creased T2 values in treated tumors. Diffusion MRI has been
shown to be highly sensitive to changes in extracellular water
content, membrane integrity, and cell density.24,25 ADC values
also correlated with positive treatment outcome.24,26 – 31 The
small increase in ADC values following nitroxoline treatment
observed in our study may reflect the slightly reduced tumor
cell density present after treatment-induced apoptosis.

Despite randomized assignment to treatment groups, the
nitroxoline-treated group of mice had a significantly larger ini-
tial tumor burden (Fig. 5M and N). This fact excludes the possi-
bility that nitroxoline treatment was effective due to a smaller
initial tumor burden. Based on our in vitro results, we propose
that the cytostatic effect observed in PTEN/KRAS gliomas in vivo
was due to the ability of nitroxoline to induce G0/G1 cell-cycle
arrest and lead to apoptosis, as confirmed by the presence of
�15%–20% TUNEL positive nuclei found at histology. While
nitroxoline significantly reduced invasion of glioblastoma cells
in vitro, we can only speculate about a similar action present
in vivo (in PTEN/KRAS glioma) due to the inability to distinguish
between suppressed growth and/or suppressed invasion using
currently available noninvasive imaging techniques.

In summary, we have demonstrated that nitroxoline induc-
es apoptosis, reduces cell invasion, and inhibits glioma growth.
Changes in ADC may serve as an imaging biomarker of treat-
ment effect. The history of safe clinical use of nitroxoline as
an antimicrobial agent makes this drug a promising candidate
for clinical trials for antiglioma therapy.

Fig. 6. H&E histology, immunohistochemistry for vascular endothelial
growth factor (VEGF), and TUNEL staining in PTEN/KRAS mice. H&E
staining shows invading glioma cells into the neighboring brain
parenchyma (A). Notice absence of clear boundaries between glioma
and normal brain parenchyma. Characteristics of grade III glioma:
nuclear pleomorphism with mitotic nuclei (red arrow) are present (B).
Immunohistochemistry for VEGF in PTEN/KRAS glioma (C) and U87
orthotopic xenograft as a positive control (D). Note lack of
immunopositive cells in the PTEN/KRAS glioma specimen (C) even in
the blood vessels in contrast to many VEGF immune-positive
glioblastoma cells in U87 orthotopic xenografts (D). TUNEL staining
showing multiple TUNEL-positive nuclei in nitroxoline-treated animal
(E) versus untreated (F). Scale bar represents 100 mm. Higher
magnification TUNEL staining showing TUNEL positive nuclei (blue
arrows) in treated (G) animal, while no staining was present in
untreated animal (H). Scale bar represents 50 mm.

Table 2. Terminal deoxynucleotide transferase-mediated dUTP
nick-end labeling (TUNEL) score (mean+SD, *P , .05, 2-sample t test)
on brain sections from control and nitroxoline-treated PTEN/KRAS mice.
Two consecutive 5 mm thick sections were stained for TUNEL and
scored by a pathology resident blinded to the treatment groups.

Treatment Group Mean TUNEL Score No. of Animals Used

Control 0.5+0.0 6
80 mg/kg nitroxoline 1.625*+1.1 6

Abbreviation: SD, standard deviation
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