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Abstract: We have previously shown that exposure to high dose ascorbate causes double stranded
breaks (DSBs) and a build-up in S-phase in glioblastoma (GBM) cell lines. Here we investigated
whether or not this was due to genotoxic stress as well as metabolic stress generated by exposure
to high dose ascorbate, radiation, ascorbate plus radiation and HyO; in established and primary
GBM cell lines. Genotoxic stress was measured as phosphorylation of the variant histone protein,
H2AX, 8-ox0-7,8-dihydroguanine (80OH-dG) positive cells and cells with comet tails. Metabolic stress
was measured as a decrease in NADH flux, mitochondrial membrane potential (by CMXRos), ATP
levels (by ATP luminescence) and mitochondrial superoxide production (by mitoSOX). High dose
ascorbate, ascorbate plus radiation, and H,O, treatments induced both genotoxic and metabolic stress.
Exposure to high dose ascorbate blocked DNA synthesis in both DNA damaged and undamaged cell
of ascorbate sensitive GBM cell lines. H,O, treatment blocked DNA synthesis in all cell lines with
and without DNA damage. DNA synthesis arrest in cells with damaged DNA is likely due to both
genotoxic and metabolic stress. However, arrest in DNA synthesis in cells with undamaged DNA
is likely due to oxidative damage to components of the mitochondrial energy metabolism pathway.

Keywords: high dose ascorbate; H,O,; radiation; oxidative stress; genotoxic stress; metabolic stress;
DNA synthesis arrest

1. Introduction

The last decade has seen a renewed interest in intravenous high dose (pharmacological) ascorbate
(AA) as an anticancer treatment. Most authors in the field attribute the anticancer effect of high
dose AA to its pro-oxidant effect. In the extracellular acidic and metal-rich tumour environment,
high dose AA generates extracellular hydrogen peroxide (H,0O,), which diffuses into adjacent cancer
cells and overwhelms the anti-oxidant defence system (reviewed by [1]). The resulting oxidative
stress damages macromolecules [1] as well as depleting NAD" and ATP levels [2-5]. Yun and
colleagues reported recently that the oxidised form of AA, dehydroascorbate (DHA) rather than
AA was responsible for selectively killing glycolysis-driven colorectal cancer cells with BRAF
and KRAS mutations [6]. DHA is transported into cells through glucose transporters (GLUT-1),
where it is reduced back to AA at the expense of glutathione (GSH), causing oxidative stress and
inhibition of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and thus glycolysis, leading to
ATP depletion [6,7]. In addition to causing oxidative stress, AA has been shown to increase hypoxia
inducible factor, HIF-1, hydroxylase activity, leading to a decrease in HIF-1 pathway activation and
a less aggressive phenotype in colorectal [8] and endometrial cancer [9], and inhibit the proliferation of
breast cancer MCF-7 mammospheres [10].
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Most authors have reported that high dose AA has little or no effect on non-cancerous cell lines
(reviewed by [11]) and few side effects in animal models [12,13] or clinical trials [4,14,15]. Cancer
specificity has been attributed to the acidic and metal-rich tumour micro-environment combined with
the inferior anti-oxidant capacity and compromised DNA repair pathways of tumour cells [16-19].
Combining high dose AA with ionizing radiation should therefore radio-sensitize highly radiation
resistant glioblastoma (GBM) cells [20,21] and improve the dismal prognosis for GBM patients [22].

Our group has studied the effect of high dose AA on radio-sensitization of GBMs in several
studies. We initially showed that a GBM cell line isolated from a GBM patient was much more
sensitive to high dose AA, radiation and combined treatments than a mouse-derived normal glial cell
line [23]. However, a subsequent more detailed study showed that six human GBM cell lines, a human
glial cell line and human umbilical vein endothelial cells were similarly sensitive to high dose AA
and/or radiation. Sensitivity depended on their antioxidant and DNA repair capacity regardless of
their cancerous status [24]. We further showed that exposure to high dose AA caused accumulation
in S-phase as well as genotoxic stress. Genotoxic stress was demonstrated by a higher percentage
of cells with foci caused by phosphorylation of the variant histone protein (H2AX) associated with
the DNA damage response (YH2AX) as well as more YH2AX foci per cell [23,24]. The number of
YH2AX foci correlates well with the number of double strand breaks (DSBs) generated by ionising
radiation [25-28]. However, fewer than half of YH2AX foci induced by H,O, [25-27] and UV [28]
are associated with DSBs; with foci produced during replication likely representing stalled replication
forks, which can either be repaired or progress to DSBs [25-28]. Another type of DNA lesion that
causes genotoxic stress are 8-oxo-7,8-dihydroguanine (8OH-dG) lesions caused by aggressive hydroxyl
free radicals generated by H,O, in the close vicinity of DNA [18]. Although these lesions are also
present in some untreated GBM cell lines and many GBM tumours [21], they are generated specifically
in response to HyO, [25-27]. The lesions are rapidly repaired by base excision repair (BER) and if
unrepaired may generate single stranded breaks [18] or double stranded breaks [25-28]. Metabolic
stress, in the form of low NAD™ and low ATP levels as a result of high dose AA exposure, has been
shown by several authors [2-5]. In this paper, we analysed the extent of genotoxic and metabolic stress
and the effect on DNA synthesis by high dose AA in established and patient-derived GBM cell lines
and compared these effects to those of radiation, HyO, and combined treatments.

2. Materials and Methods

2.1. Materials

Unless otherwise noted, tissue plasticware was purchased from Corning (In Vitro Technologies,
Auckland, New Zealand); all cell culture reagents were from Gibco BRL (Thermo Fisher Scientific,
Auckland, New Zealand). Alexa Fluor 488 anti-H2AX-Phosphorylated (Ser139) Antibody was
from BioLegend (Norrie Biotech, Auckland, New Zealand). Rabbit anti-8-OHdG polyclonal
antibody (J-1: sc-139586) was from, Santa Cruz Biotech (Dallas, Texas, USA) and isotype control
(IgG/10500C) was from Thermofisher Scientific (Wellington, New Zealand). Goat Polyclonal
Anti-Rabbit IgG H&L (Alexa Fluor® 488) secondary antibody was from Abcam (Cambridge, MA, USA).
Foxp3/Transcription Factor Fixation/Permeabilization Concentrate and Diluent was purchased from
eBioscience (Huntingtree Bioscience Supplies, Auckland, New Zealand). Click-iT EAU Alexa Fluor
Flow Cytometry Assay Kits, Vybrant DyeCycle Stains, MitoSOX™ Red Mitochondrial Superoxide
Indicator and MitoTracker® Red CMXRos were purchased from Life Technologies (Thermo Fisher
Scientific, Auckland, New Zealand). CellTiter 96® AQueous One Solution Cell Proliferation Assay
(MTS) was sourced from Promega Corporation (Madison, WI, USA). Luminescent ATP Detection Assay
Kit was obtained from Abcam (Cambridge, MA, USA). Sodium ascorbate, and all other chemicals and
reagents were from Sigma Chemical Company (St. Louis, MO, USA).
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2.2. Cell Lines

GBM cell lines, LN18, U87MG and T98G were obtained from the American Type Culture
Collection. Primary GBM cells (NZG0809, NZG1003) were isolated and cultured from GBM material as
previously described [29]. GBMs were grown in RPMI-1640 supplemented with 5% (v/v) FBS. All cells
were maintained in a humidified incubator at 37 °C /5% CO,.

2.3. Ascorbate Treatment

Exponentially growing cells (30-40% confluent) were seeded 24 h prior to treatment in 6 well
plates (3-5 x 10* cells/well). Cells were exposed to 5 mM AA in media for 1 h, washed in Dulbecco’s
Phosphate Buffer Saline (PBS, 1.4 M NaCl, 27 mM KCl, 170 mM NaH;POy, 17.6 mM KH,PO,) and
re-incubated in fresh medium. Cells that received radiation were irradiated in the presence of AA.

2.4. Radiation Treatment

Exponentially growing cells (30-40% confluent) were irradiated fully immersed in medium
with 6 Gy using Cesium-137 y-rays (Gammacell 3000 Elan, Best Theratronics, Kanata, ON, Canada).
After irradiation, cells were re-incubated in fresh medium.

2.5. DNA Synthesis: EAU Incorporation

Fluorescent detection of incorporated thymidine analogue EdU (5-ethynyl-2’-deoxyuridine)
was used as a measure of DNA synthesis. Cells were pulse-labelled with 4 pM EdU for 1 h prior to
analysis. Incorporated EdU was detected using a copper catalyzed covalent reaction between Click-iT®
EdU Alexa Fluor® 488 or Alexa Fluor® 647 dye azide and an alkyne on the ethynyl moiety of EdU.
Briefly, cells were pulse labelled with EAU for 1 h prior to harvesting, washed twice in FACS buffer
(PBS + 1% Bovine Serum Albumin (BSA), and incubated in Click-iT fixative at room temperature for
15 min in the dark. Cells were washed and resuspended in saponin-based permeabilisation buffer
for 15 min prior to incubation in the Click-iT AF647 reaction cocktail for 30 min in the dark at room
temperature. For DNA content staining, these cells were incubated in a 5 uM Vybrant Dye Cycle
Green/HBSS staining solution for 30 min at 37 °C prior to analysis by flow cytometry using a BD
FACSCanto II (Becton Dickinson, San Jose, CA, USA). Data were analysed using Flow]Jo (TreeStar,
Ashland, OR, USA).

2.6. YH2AX Labelling

Genotoxic stress was determined by measuring the extent of phosphorylation of the histone
protein, H2AX, using Alexa Fluor 488 labelled anti-yH2AX antibody in permeabilised cells.
EdU labelled cells were harvested and washed in PBS buffer, distributed into 96 well plates
(5 x 10° cells/well), washed in 200 uL FACS buffer (PBS + 1% BSA), pelleted at 400x g (in a Megafuge
2.0R, Heraeus centrifuge, Labcare, Buckinghamshire, UK) for 4 min and fixed in 200 pL Forkhead box
P3 (FoxP3)/Transcription Factor Fixation/ Permeabilization solution for 45 min at room temperature.
Cells were washed twice in 200 uL 1x Permeabilization/Wash buffer (PBS, 1% BSA, 0.5% Saponin),
pelleted and incubated in Click-iT® AF647 reaction cocktail for 30 min in the dark. Cells were then
washed twice in Perm/Wash buffer and incubated in antibody solution (50 puL anti-yH2AX antibody
or isotype control diluted 1:200 in 1x Perm/Wash buffer) at 4 °C overnight. Following this, cells
were washed twice in Perm /Wash buffer and resuspended in 400 uL. FACS buffer. Cells were analysed
by flow cytometry using a BD FACSCanto II (Becton Dickinson, San Jose, CA, USA) and Flow]o
software (TreeStar, Ashland, OR, USA).

2.7. 8OH-AG Lesions

Harvested cells were washed in PBS buffer and distributed into 96 well plates (5 x 10° cells/well),
washed in 200 uL FACS buffer (PBS + 1% BSA), pelleted at 400x g (in a Megafuge 2.0R, Heraeus
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centrifuge, Labcare, Buckinghamshire, UK) for 4 min and fixed in 200 uL Foxp3/Transcription
Factor Fix/Perm solution for 45 min at room temperature. Cells were washed twice in 200 uL 1x
Permeabilization/Wash buffer (PBS, 1% BSA, 0.5% Saponin), pelleted and resuspended in primary
antibody solution (50 uL rabbit anti-8OH-dG polyclonal antibody or isotype control (diluted at
400 ng/mL in 1x Perm/Wash buffer) at 4 °C overnight, washed twice in Perm/Wash buffer and
resuspended in secondary antibody solution (Goat Polyclonal Anti-Rabbit IgG H&L (Alexa Fluor®
488), Abcam) at 1000 ng/mL) for an hour at room temperature. Cells were then washed twice
in Perm/wash buffer and resuspended in 400 pL FACS buffer for analysis by flow cytometry using
a BD FACSCanto II (Becton Dickinson, San Jose, CA, USA) and Flow]o software (TreeStar, Ashland,
OR, USA).

2.8. Comet Tail Assay

Glass slides (LabServ Superfrost Plus) were pre-coated with 1% normal melting point agarose
(Invitrogen UltraPure Agarose) and air-dried for 24 h. Cells were added to 1% low melting point
agarose at a ratio of 1:10 (v/v) to final cell concentration 1 x 10* cells/mL, and dropped onto agarose
coated slides. Agarose and cells were air dried for 30 min at room temperature, then lysed in pre-chilled
lysis solution (2.5 M NaCl, 100 mM EDTA pH 10, 10 mM Trizma, 1% sodium lauryl sarcosinate, and
1% Triton X-100, pH 10) for 1 h at 4 °C. Slides were rinsed in 1x Tris-Borate-EDTA buffer TBE, and
equilibrated for 30 min in 1x TBE before electrophoresis at 30 volts/cm for 60 min. Slides were stained
with 10 ug/mL propidium iodide for 20 min at 4 °C, rinsed in TBE, and imaged on a fluorescent
microscope (Olympus BX51 microscope with TXRED filter). Cell nuclei were analysed using Image]
Comet Assay plugin, based on an NIH Image Comet Assay by H.M. Miller (https://www.med.unc.
edu/microscopy/resources/imagej-plugins-and-macros/comet-assay) from Robert Bagnell. Briefly,
tight ovals are drawn around the head and the tail. The tail length is the distance from the centre of
the head (defined as the average of XY coordinates of all pixels in the head oval) to the centre of mass
of the tail (defined as the brightness-weighted average of XY coordinates of the selected tail oval).
Tail length is calculated as the Pythagorean distance between the two points. Image] outputs were
imported into Microsoft Excel and averages were imported into Prism (Graphpad) V6.0 for analysis.

2.9. MTS Assay

The colorimetric CellTiter 96® AQueous One Solution Cell Proliferation Assay containing
the soluble tetrazolium compound MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)
-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) and electron coupling reagent PES (phenazine
ethosulfate) were utilised for assessment of NADH flux in cells. Cells (5 x 10° cells/well) were plated
into 96 well plates and incubated overnight. Cells were treated and washed three times in 300 pL of
PBS. 100 pL of culture media was replaced and 20 pL of CellTiter 96® AQueous One Solution Reagent
was added. Plates were incubated for 1—4 h at 37 °C and absorbance was measured at 490 nm on
an Enspire 2300 plate reader (Perkin-Elmer, Shelton, CT, USA).

2.10. MitoTracker® Red CMXRos

Mitochondrial membrane potential was assessed using the cell-permeant X-rosamine derived
MitoTracker® Red CMXRos dye. Treated cells and untreated cells were harvested and incubated
in 50 nM CMXRos in PBS for 30 min at 37 °C. Cells were analysed by flow cytometry using a BD
FACSCanto II (Becton Dickinson, San Jose, CA, USA) and Flow]o software (TreeStar, OR, USA).

2.11. MitoSOX™ Red Mitochondrial Superoxide Indicator

Live-cell permeant MitoSOX Red superoxide indicator targets mitochondria, where it is selectively
oxidized by mitochondrial superoxide to exhibit red fluorescence. Treated and untreated cells
were harvested and incubated in 5 uM MitoSOX in PBS for 10 min at 37 °C, fluorescent signal
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detected by flow cytometry using a FACSCanto II (Becton Dickinson, San Jose, CA, USA) with Flow]o
software (TreeStar, OR, USA).

2.12. ATP Measurements

Cellular ATP was assessed using the firefly luciferase based Luminescent ATP Detection Assay
Kit (Abcam, Cambridge, UK) according to manufacturer’s instruction. Cells (2 x 10% cells/well)
were plated into 96 well cell culture treated white plates and incubated overnight. Cells were treated,
washed, and lysed in 50 pL of detergent for 5 min on an orbital shaker at 700 rpm. Substrate solution
(50 uL) was added and cells were incubated in the dark for a further 5 min on an orbital shaker at
700 rpm. The plate was dark adapted for 10 min prior to luminescent reading using an Enspire plate
reader (Perkin-Elmer, Shelton, CT, USA).

2.13. Cell Viability

GL261 cells were collected 48 h after treatment by trypsinization, washed in PBS and resuspended
in 1 ug/mL propidium iodide, for cell count and dye exclusion using flow cytometry using a BD
FACSCanto II (Becton Dickinson, San Jose, CA, USA) and Flow]Jo software (TreeStar, Ashland,
OR, USA). All viability assays were completed at least three times in triplicate.

2.14. Statistical Analysis

Data were analysed using Excel (Microsoft v. 2010; Redmond Campus, Redmond, WA, USA)
or Prism (Graphpad) V6.0. All experiments were done at least three times in triplicate; values
are averages & standard error of the means (SEM). Flow cytometry plots are representative of at least
3 separate experiments.

3. Results

3.1. GBM Cells Have Different Sensitivities to High Dose Ascorbate

Our previous research showed that TG98G cells were less sensitive to 5 mM AA as evidenced by
higher clonogenicity than other GBM cells, most likely because of its very high antioxidant content [26].
A more in-depth analysis of AA sensitivity (Figure 1) showed that the ICsy of T98G cells was much higher
(16.5 mM AA) than that of LN18, NZG0809 and NZG1003 cells (5.8, 6.8 and 7.6 mM AA respectively).
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Figure 1. Sensitivities of different glioblastoma (GBM) cells to high dose ascorbic acid (AA). Cells
were exposed to different concentrations of AA. Viability was measured by Trypan blue exclusion after
48 h. Values are averages + standard error of the means (SEM) of at least 3 independent experiments
in triplicate.



Antioxidants 2017, 6, 58 60f 13

3.2. High Dose Ascorbate Generates Oxidative Damage and Double-Stranded DNA Breaks

We have previously used YH2AX foci as a measure of DSBs [23,24]. However, less than half of
YH2AX foci after HyO, exposure correlate closely with DSBs [25-27]. As most of the high dose AA
effects are thought to be mediated though H,O, formation and H,O, has been shown to generate
8OH-dG lesions, we determined the level of 8SOH-dG lesions in our cell lines before and after exposure
to 5 mM AA, 6 Gy radiation, a combination of AA and radiation and 500 pM H;O,. We saw very
few lesions 1-2 h after treatments (results not shown) but increasing numbers after 48 h (Figure 2A,B).
We performed single cell gel electrophoresis to confirm that high dose AA does generate some DSBs,
as evidenced by the presence of “tails” in the comet tail assay (Figure 2C,D). Notably, there were cells
without comet tails (and thus DSBs) after exposure to AA, consistent with previous data demonstrating
the presence of YH2AX-negative cells [24].
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Figure 2. Different types of DNA damage after a 1 h exposure to 5 mM AA, 6 Gy, 5 mM AA + 6 Gy
and 500 uM H,O,. (A) Histograms of 8OH-dG lesions 48 h after treatments of LN18 cells. (B) Median
fluorescence intensity (MFI) fold change compared with untreated cells of LN18, T98G, NZG0809
and NZG1003 cells. Values are averages - SEM of at least 3 independent experiments in triplicate.
Increased 8OH-dG lesions for HyO, treatment over AA, Gy and AA + Gy was statistically significant
(p < 0.05: unpaired two-tailed student t-test) for T98G and NZG1003. C. Representative photograph
of comet tails (DSBs) of LN18 cells after a 1 h exposure to 5 mM AA. D. Fold change compared with
controls of comet tail length of the different cell lines after a 1 h exposure to 5 mM AA, 6 Gy, 5 mM AA
+ 6 Gy compared to untreated controls (set at 1). Average number of comet tails measured per cell line:
278 (controls), 162 (AA), 220 (Gy) and 272 (AA + Gy).

3.3. High Dose Ascorbate Abrogates DNA Replication Which Does Not Resolve over Time

We previously showed that GBM cells accumulate in S-phase 24 h after transient exposure to
high dose AA [23,24], suggestive of replication fork collapse [25-28]. Here, we measured the extent
of DNA synthesis by incorporation of the modified nucleotide ethynyl deoxyuridine (EdU) at early
(Figure 3A) and late (Figure 3B) time points after treatments. Plotting EAU incorporation against
DNA content resulted in a typical distribution for dividing cells, where the strongly EdU positive cells
were predominantly in S-phase with an intermediate DNA content. Strikingly, a 1 h AA exposure
completely arrested DNA replication within 2 h in three of the four cell types tested, which was not
resolved by 96 h. DNA synthesis in T98G was much less affected by AA, consistent with previous
data suggesting this cell line is less sensitive to AA (Figure 1, [24]. In most cells, radiation resulted
in a G2 arrest by 24 h with a resumption of normal cell cycle by later time points, in stark contrast to
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the sustained AA-induced block in DNA synthesis. NZG0809 showed low level of EAU incorporation
after AA exposure which was not specifically associated with S-phase.
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Figure 3. DNA synthesis indicated by EdU incorporation (y-axis) and DNA content by nucleic acid
content (x-axis). G1 cells, with half the content of G2 cells are EAU negative, whereas cells undergoing
synthesis have incorporated EdU into the newly synthesised DNA with subsequent increased signal.
Cells were harvested at early time points (A) and late time points (B) after treatments. Flow cytometry
plots are representative of at least three independent experiments.

3.4. High Dose Ascorbate Blocks Replication in Both Damaged and Undamaged Cells

The loss of DNA synthesis in AA-treated cells was profound and long-lasting with no recovery
of affected cell lines over a four day period. However, the DNA damage data indicated that a small
proportion of cells did not sustain any DNA damage, neither YH2AX, DSBs nor SOH-dG. We therefore
directly compared DNA damage with DNA synthesis. DNA damage in untreated controls was visible
in both replicating and non-replicating cells, as expected from genetically unstable GBMs [21].
Both damaged and undamaged cells continued to synthesize DNA after radiation. However, almost
no DNA synthesis was seen after AA or combined treatment, not even in undamaged cells in LN18
and NZG0809. A small amount of DNA synthesis was seen in NZG1003, particularly at later time
points in DNA damaged cells. Despite sustaining moderate amounts of DNA damage, DNA synthesis
in T98G was relatively unaffected by AA treatment (Figure 4A). Interestingly, a 1 h exposure to
50-100 uM H O, stopped DNA synthesis, even in T98G (Figure 4B).
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Figure 4. DNA synthesis indicated by EAU incorporation (y-axis) versus DNA damage by YH2AX foci
(x-axis). Cells were treated as indicated and harvested after 2 h (A and B) or 96 h (A). (B) Effectofalh
exposure to 5 mM AA compared with that of different concentrations of HyO,. Flow cytometry plots

are representative of at least three independent experiments.

3.5. High Dose Ascorbate Causes Metabolic Stress

Cells with damaged DNA can no longer replicate because of genotoxic stress. However,
the observation that replication had also stopped in cells without apparent genotoxic stress was
unexpected. It suggests that DNA damage, at least for some cells, is not the primary driver to replication
loss, and subsequent cell death. High dose AA has also been shown to decrease ATP levels [3-6,16].
We also found that ATP levels declined significantly after a 1 h exposure to 5 mM AA in LN18, NZG0809
and NZG1003 but not in T98G. In comparison, 500 uM H,O, decreased ATP levels more than 5 mM AA
in all cell lines, including T98G (Figure 5A). We next determined the effect of treatments on cellular
NADH flux by measuring reduction of the water soluble tetrazolium salt, MTS [30]. We found
a substantial decrease in MTS reduction 1 h after AA treatment, combined treatment and after 500 uM
H,0; in LN18, NZG0809 and NZG1003. MTS reduction in T98G was only minimally affected by
5 mM AA but strongly inhibited by 500 uM HyO, (Figure 5B). Robust mitochondrial electron transport
(MET) activity results in a strong potential across the inner mitochondrial membrane. We found
a decrease in mitochondrial membrane potential in LN18, NZG0809 and NZG1003 1 h after exposure
to AA treatments, whereas H,O, treatment decreased the mitochondrial membrane potential in all
four cell lines (Figure 5C). Interestingly, we found an increase in mitochondrial superoxide levels after
exposure to AA and H,O, treatments (Figure 5D). Exposure to radiation did not affect ATP levels,
MTS reduction, mitochondrial membrane potential or mitochondrial superoxide production in any of
the cell lines at such early time points. This was not unexpected as the effects of radiation only become
evident at later time points [20]. We previously measured viability 48 h after treatments and found that
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viability of LN18, NZG0809 and NZG1003 cells decreased substantially after AA treatments. T98G
was relatively insensitive to AA whereas NZG1003 was relatively insensitive to radiation (Figure 5E).
Correlational analysis (Figure 5F) showed that 1 h after exposure to AA, cellular ATP levels strongly
correlated with MTS reduction and mitochondrial membrane potential; MTS reduction strongly
correlated with mitochondrial membrane potential; 1 h ATP levels and MTS reduction correlated
strongly with 48 h survival.
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Figure 5. Metabolic stress after 1 h exposure to 5 mM AA, 6 Gy, 5 mM AA + 6 Gy and 500 tM
H,0O, compared to untreated controls (set at 1). (A) Cellular ATP levels measured by luminescence;
(B) Cellular NADH flux measured by MTS reduction; (C) Mitochondrial membrane potential
measured by CMXROS; (D) Mitochondrial superoxide production measured by Mitosox. (E) Viability
measured as PI exclusion 48 h after treatments. Fold change compared with untreated control cells.
ATP luminescence, MTS reduction and CMXRos MFI were all significantly higher after 6 Gy treatment
compared with all other treatments for LN18, NZG0809 and NZG1003. Viability after 5 mM AA
treatment was significantly higher for T98G and after 6 Gy treatment for NZG0809. (p < 0.05: un-paired
two-tailed student t-test). Values are averages + SEM of at least 3 independent experiments in triplicate.
(F) Correlations between cellular ATP levels, MTS reduction, mitochondrial membrane potential,
mitochondrial superoxide production (all at 1 h) and cell viability at 48 h. Each dot represents one of
the four cell lines.

4. Discussion

We previously showed that high dose AA generates YH2AX lesions and causes accumulation of
cells in S-phase [23,24]. In this paper, we analysed the extent of genotoxic and metabolic stress and
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the effect on DNA synthesis by high dose AA, radiation and combined treatments. With respect to
genotoxic stress, we verified that high dose AA can indeed generate DSBs (as measured by comet
tail assay) as well as 8OH-dG lesions. The increase in 8OH-dG lesions over time suggests effective
base excision repair at early time points, but sustained free radical production combined with a lack
of effective base excision repair at later time points. This may be caused by low cellular ATP levels.
The small amount of EAU incorporation in NZG0809 throughout the cell cycle after AA exposure most
likely reflects DNA synthesis as part of base excision repair, or other repair mechanisms, rather than
DNA replication [31].

DNA synthesis blockade was expected in cells with DNA damage. However, the fact that
undamaged cells were also unable to synthesise DNA in a sustained manner was unexpected and
suggests that high dose AA directly affects cell metabolism. AA has been previously reported to
decrease ATP levels in neuroblastoma cells [2], prostate cancer [3], ovarian cancer [4] pancreatic
cancer [5]. This decrease in ATP was shown to be a result of genotoxic stress in the form of SOH-dG
lesions, which were repaired by PARP-1, leading to consumption of cytoplasmic NAD* (a cofactor
of PARP-1). Decreased levels of NAD" inhibited glycolysis and glycolytic ATP production [2-5].
However, the cells that remained undamaged also stopped synthesising DNA and yet they have no
need to activate PARP-1 with subsequent depletion of NAD* levels. We hypothesise that undamaged
cells do not synthesise DNA because of depleted cellular ATP, due to direct oxidative damage to
components of the energy metabolism pathways. In support of this hypothesis, Yun and colleagues
recently showed that intracellular reduction of DHA to AA killed glycolysis-driven KRAS and BRAF
mutated colorectal cancer cells through inhibition of glycolysis resulting in ATP depletion [6,7].

Intracellular NADH flux is a good measure of overall cellular energy metabolism. The tetrazolium
dye MTS is reduced intracellularly (predominantly by NADH generated during glycolysis) as well
as extracellularly (predominantly by NADH originating from the mitochondria) in the presence
of an intermediate electron acceptor [30]. The strong decrease in MTS reduction at 1 h closely
mimicked the strong drop in cellular ATP levels as well as a decrease in mitochondrial membrane
potential. This may reflect both a lack of NAD" (required to fix SOH-dG lesions) and/or a direct
inhibition of glycolysis, Krebs cycle and MET activity, possibly due to oxidative damage to their
components. In this respect it is of interest to note that HyO, was previously shown to specifically
damage the adenine nucleotide translocase (ANT) [32]. ANT is an inner mitochondrial membrane
translocase which delivers ATP from the mitochondrial matrix to hexokinase II to facilitate the first
step in glycolysis [33]. Oxidative damage to ANT inhibits glycolysis and thus glycolytic ATP
production [32]. Declining glycolytic rates limit the amount of pyruvate entering the mitochondria
which limits Krebs cycle activity, decreasing NADH and FADH2 levels that fuel MET, oxidative
phosphorylation (OXPHOS), mitochondrial membrane potential and generate mitochondrial ATP.
Superoxide is produced in the mitochondria during MET as a result of premature leakage of electrons
at respiratory complexes I and III [34]. The small increase in superoxide levels we observed, combined
with a decrease in membrane potential after AA and H,O, treatments, suggests increased leakage
due to oxidative damage to respiratory complexes. Both ATP level and MTS reduction 1 h after AA
exposure were excellent predictors for cell survival 48 h later. Results presented in this paper show
that both damaged and undamaged cells halt DNA synthesis within 2 h of exposure to AA which
is not resolved 4 days later. This suggests that high dose AA and H,O, generate both genotoxic
and metabolic stress which contribute to blocking DNA synthesis in AA sensitive GBM cell lines.
The specific contribution of each type of stress is likely to differ between cell lines and between cells of
the same cell line.

The effect of HO; and high dose AA as mediators of genotoxic and metabolic stress were very
similar in three of the four cell lines—T98G cells were less affected by AA than by HyO; in all respects.
This was expected, as this cell line is less sensitive to AA due to its high antioxidant capacity with
an ICsg that is at least two times higher than that of the other cell lines [24]. It is possible that
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the antioxidant capacity of T98G was overwhelmed by a HyO, bolus but able to cope with the H,O,
generated over a period of time from external AA.

5. Conclusions

This paper confirms that the mechanism of action of high dose AA is likely mediated by HyO,
generation as exposure to high dose AA and H,O, abrogated DNA synthesis in cells with damaged
and undamaged DNA. Both genotoxic stress and metabolic stress contributed to DNA synthesis arrest
in DNA damaged cells. However, DNA synthesis arrest in undamaged cells can only be explained by
direct oxidative damage to components of mitochondrial energy production.
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