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Abstract

Topotecan, a derivative of camptothecin, is an important anticancer drug for the treatment of
various human cancers in the clinic. While the principal mechanism of tumor cell killing by
topotecan is due to its interactions with topoisomerase |, other mechanisms, e.g., oxidative stress
induced by reactive free radicals, have also been proposed. However, very little is known about
how topotecan induces free radical-dependent oxidative stress in tumor cells. In this report we
describe the formation of a topotecan radical, catalyzed by a peroxidase-hydrogen peroxide
system. While this topotecan radical did not undergo oxidation-reduction with molecular O,, it
rapidly reacted with reduced glutathione and cysteine, regenerating topotecan and forming the
corresponding glutathiyl and cysteiniyl radicals. Ascorbic acid, which produces hydrogen peroxide
in tumor cells, significantly increased topotecan cytotoxicity in MCF-7 tumor cells. The presence
of ascorbic acid also increased both topoisomerase I-dependent topotecan-induced DNA cleavage
complex formation and topotecan-induced DNA double-strand breaks, suggesting that ascorbic
acid participated in enhancing DNA damage induced by topotecan and that the enhanced DNA
damage is responsible for the synergistic interactions of topotecan and ascorbic acid. Cell death by
topotecan and the combination of topotecan and ascorbic acid was predominantly due to necrosis
of MCF-7 breast tumor cells.
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INTRODUCTION

Topoisomerase | (topo 1) is a nuclear enzyme responsible for maintaining DNA topology and
functions [1-5]. Camptothecin and its analog topotecan (TPT) are important anticancer
agents for the treatment of various human malignancies in the clinic [6-8]. The major
mechanism of action of camptothecin and TPT (Figure 1) is due to the stabilization of
transient complexes formed between topo | and DNA (cleavable complexes), resulting in the
formation of highly toxic double-strand breaks in tumor cells, causing cell death [2, 3, 5].
While other mechanisms of actions of TPT that are independent of topo | have also been
suggested, including induction of oxidative stress [9, 10] and inhibition of hypoxia-inducible
factor [11, 12], there is very little known about how TPT induces oxidative stress in tumor
cells. Akbas et al. [9] have shown that treatment of MCF-7 tumor cells with TPT leads to
increased formation of reactive oxygen species (ROS) and nitrite, indicating increased
oxidative stress. In addition, Timur et al. [13] have shown that there is a significant decrease
in glutathione levels following TPT treatment of MCF-7 breast cancer cells with
concomitant increases in lipid peroxidation and levels of antioxidant enzymes, superoxide
dismutase, glutathione peroxidase and catalase, suggesting TPT-induced oxidative stress in
MCF-7 tumor cells. It is interesting to note that Sordet et al. [14, 15] have shown that ROS
generated by certain compounds, e.g., arsenic trioxide, induce formation of DNA-topo |
complexes, which may play a role in the mechanism of drug cytotoxicity. Moreover, Daroui
et al. [16] have shown that H,O5 cytotoxicity is partly mediated by topo I. Thus, it is
possible that ROS formed from TPT may also contribute to topo I-induced DNA damage
and cytotoxicity.

It has been shown that ascorbic acid (AA) induces tumor cell death by generating
extracellular hydrogen peroxide (H,O5) which is taken up by tumor cells and leads to the
formation of reactive hydroxyl radical ("OH) in the presence of metal ions [17] [18, 19]. The
role of ascorbic acid (commonly known as Vitamin C) in cancer is extremely controversial
[20-23]. Many investigators have found that ascorbic acid is highly toxic to tumor cells and
combinations of ascorbic acid with several anticancer drugs are more than additive in tumor
cell killing [19, 24-26], while other investigators have found no effect in cell culture and
animal models [27, 28].
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Because of the lack of understanding of how TPT produces reactive free radical species in
tumor cells that can significantly affect topo I-induced DNA cleavage formation and
modulate the toxicity of topo I drugs, we have investigated the mechanisms of free radical
formation from TPT and examined the effects of ascorbic acid on TPT cytotoxicity in
MCF-7 breast cancer cells. We have found that in the presence of H,O, and peroxidases,
TPT generates a TPT radical (TPT"), which is very stable and does not react with O, to
redox cycle and generate superoxide/H,O,. However, TPT" is extremely reactive with
glutathione and cysteine, forming the corresponding thiyl (GS*and Cys®) radicals and
regenerating TPT. Moreover, we found that ascorbic acid (a cellular H,O, generator)
modulates the cytotoxicity of TPT, and the combinations are highly synergistic in MCF-7
breast cancer cells.

Materials and Methods

Camptothecin was a gift of the Drug Synthesis and Chemistry Branch, Developmental
Therapeutic Program of NCI, NIH. Topotecan hydrochloride was obtained from Cayman
Chemicals (Ann Arbor, MI). A stock solution of camptothecin was prepared in DMSO, TPT
was dissolved in doubly distilled water, and solutions were stored at —80°C. Ascorbic acid
and horseradish peroxidase (HRP) were obtained from Sigma-Aldrich Chemical Company
(St. Louis, MO). Ascorbic acid (100 mM) was dissolved in chelex-treated phosphate buffer
and the pH of the solution was adjusted to 7.2 and stored at —80°C. Human myeloperoxidase
was purchased from Lee Biosolutions (St. Louis, MO). Human topo I, antibody to human
topo I, and SDS/KCI precipitation assay Kits were obtained from Topogen (Buena Vista,
CO). Primary antibody for the analysis of p53 was obtained from Santa Cruz Biochemicals
(Dallas, TX). Primary antibody anti-gamma H2AX, for the detection of DNA double-strand
breaks, anti-p21, and anti-p-actin were obtained from Abcam (Cambridge, MA). DMPO was
purchased from Dojindo (Rockville, MD) and used without any further purification.

Electron Spin Resonance Studies

Cell Culture

The ESR studies for the detection of TPT radicals were carried out as described previously
[29, 30]. Briefly, reaction mixtures were in 1 ml chelex-treated phosphate buffer containing
25 UM DETPAC (pH 7.4), TPT (250-500 uM), HRP or human myeloperoxidase (250 pg/
ml), and H,0, (250-500 pM). For the detection of glutathione and cysteine radicals, the
TPT radical was generated from TPT and HRP/H,05 as above and the mixture treated for 5
min with excess catalase (2500 U/incubation) to remove unreacted H,O,. DMPO (100 mM)
and GSH (1 mM) or cysteine (1 mM) were added, the mixture was transferred into an ESR
flat cell, and the spectra recorded with an ELEXSYS E 500 ESR spectrometer (Brucker
Biospin, Billerica, MA, USA) equipped with an ER4122SHQ cavity operating at 9.76 GHz
at room temperature. The ESR settings were as follows: scan range 100 G; modulation
frequency 100 KHz; modulation amplitude 1.0 G; microwave power 20 mW; receiver gain 2
x 10%; time constant 250 ms and conversion time 250 ms.

Human breast MCF-7 cancer cells (ATCC, Rockville, MD) were grown in Phenol Red-free
RPMI 1640 media supplemented with 10% fetal bovine serum and antibiotics. MCF-7 cells
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were routinely used for 20-25 passages, after which the cells were discarded and a new cell
culture was started from the frozen stock.

Cytotoxicity Studies

The cytotoxicity studies were carried out by using a cell growth inhibition assay. Briefly,
150,000-200,000 MCF-7 cells/well were plated in 2 ml of complete medium onto a 6-well
plate (in triplicate) and allowed to attach for 18 h. The medium was removed and fresh warm
medium (2 ml) was added. Cells were treated with various concentrations of TPT, and
incubated for 48 h in the complete medium. Effects of ascorbic acid on TPT cytotoxicity
were evaluated by adding ascorbic acid (1 mM) to MCF-7 breast cancer cells in complete
medium (2 ml) under various conditions, adding TPT to the cells, and incubating for 48 h.
Cells were trypsinized and the numbers of surviving cells were determined by counting the
cells in a cell counter (Beckman, Brea, CA).

SDS-KCI Precipitation Assay

The formation of covalent topo I-DNA complexes with TPT and with and without ascorbic
acid in MCF-7 breast cancer cells was quantitated by the SDS-KCI precipitation assay as
described previously [31]. Briefly, the DNA of cells growing in the logarithmic phase (1 x
10° cells/ml), seeded into six-well plates, was labeled with [methyl-3H]-thymidine (1.0 uci,
20Ci/mmol; Perkin-Elmer, Waltham, MA) for 18-24 h, and washed twice with the medium,
then TPT or ascorbic acid (1 mM) or combinations of TPT and ascorbic acid were added in
2 ml of complete medium and incubated for 1 h. Cells were washed with PBS (twice), and
lysed with 1 ml of prewarmed lysis solution (Topogen). After lysis and shearing of DNA,
DNA-TPT-topo I-complexes were precipitated with KCI. The precipitate was collected by
centrifugation, and washed extensively (four times) with the washing solution (Topogen) per
the manufacturer’s instructions. The radioactivity was counted in a scintillation counter after
adding 5 ml of scintillation fluid.

Western Blot Assay

MCEF-7 cancer cells were treated with TPT or ascorbic acid (1 mM) or a combination of TPT
and ascorbic acid for various times. Cells were washed with ice-cold PBS and collected by
centrifugation. Samples (10-40 g of total protein) were electrophoresed under reducing
conditions through 4-12% Bis-Tris NuPage acrylamide gels (Invitrogen, Carlsbad, CA).
After electrophoresis, proteins were transferred onto a nitrocellulose membrane and probed
with anti-p53, -p21, -H2AX and -beta actin antibodies. An Odssey infrared imaging system
(Li-Cor Biosciences, Lincoln, NE) was used to acquire images.

Analysis of Plasma Membrane Integrity and Cell Size by Flow Cytometry

Plasma membrane integrity was measured by adding propidium iodide (PI, Invitrogen,
Waltham, MA) to cells at a final concentration of 10 pg/ml immediately prior to flow
cytometric analysis. Ten thousand single cells were analyzed using a BD LSRII flow
cytometer (San Jose, CA) equipped with FACSDiVa software. Cells were excited with a 561
nm laser and Pl fluorescence was detected at 585 nm. A gate was drawn on a Pl histogram
for the control sample to determine the percent of viable and dead experimental cells.
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Changes in cell size were examined using forward-scatter (FSC) light. An increase in FSC
indicates an increase in cell size.

RESULTS
ESR STUDIES

Incubation of TPT with rat microsomes in the presence or absence of NADPH gave no ESR
detectable radical. However, when TPT was incubated with HRP in the presence of H,0,, a
strong ESR signal was detected (Figure-2 Panel A). This single line spectrum had a g value
of 2.006. It was found to be stable under aerobic conditions, demonstrating that the radical
did not react with molecular O,. The same radical was also detected when human
myeloperoxidase was used in the presence of H,O,. While the exact identity of this TPT" is
not known currently, we assign it as a melanin-like polymer radical resulting from a
phenoxyl radical of TPT (Figure 2a, Panel A). Such radicals have been previously observed
from the phenoxyl radical of acetaminophen [32]. Formation of this radical is due to the
one-electron oxidation of the 10-OH group of the quinoline ring of TPT (Figure-1). This is
further confirmed by the failure of camptothecin, the parent drug which lacks the 10-OH
group, to form any ESR-detectable radical (Panel A, b) under the conditions that resulted in
the formation of TPT*, indicating that the 10-OH group was responsible for the TPT*
formation.

While this TPT* was stable under aerobic conditions, it reacted rapidly with GSH, and in the
presence of the spin trap DMPO, a DMPO adduct was formed which was detected by ESR.
The characteristic ESR spectrum of this adduct (shown in Figure-2, a, Panel B) consists of
four lines with hyperfine coupling constants of aN = 15.1 G, and a™ = 16.1 G. These
splittings are similar to those of a known GSH adduct of DMPO (DMPO-SG) [33-35].
Similarly, TPT", also reacted with cysteine to form a DMPO adduct (Figure-2 Panel- B, c;
six-line spectrum) with coupling constants of aN = 15.1 G, aH = 17.4 G. These coupling
constants are similar to those assigned to a DMPO-cysteine adduct [33, 35, 36]

CYTOTOXICITY STUDIES

Because TPT formed a free radical species in the presence of H,O, that reacted with
glutathione, we evaluated the cytotoxicity of TPT in MCF-7 breast cancer cells in the
presence of ascorbic acid. Ascorbic acid is known to generate H,O, in cells [17, 18]. As
shown in Figure-3, TPT induced significant cell death in MCF-7 cells (ICgp = 5.0 £1.0 x
10~7 M) following 48h of treatment. The presence of ascorbic acid significantly enhanced
the cell death induced by TPT and lowered ICsq values to 6.0 1.0 x 102 M, about a 75-
fold enhancement of TPT cytotoxicity. We next examined the schedule dependency of
ascorbic acid with TPT and found that the significant enhancement of cell death by ascorbic
acid was similar whether ascorbic acid was added first and TPT added 1h later (Figure-3C),
TPT added for 1 h, before ascorbic acid was added (Figure-3C) or both were added
simultaneously (Figure-3A). We chose 1 mM ascorbic acid because it induced 15-20% cell
killing under our experimental conditions; the 1Csq value was 2.5 £ 0.25 mM.
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Analysis for additive or synergistic interactions was carried out as described by Jonsson et
al. [37]. In this model of analysis, if drug A has survival indices of 20% and drug B has
survival indices of 40%, the combination of A and B is expected to produce survival indices
of 8% (0.2 x 0.4 = .08 or 8%); any value lower than that predicted by this additive model
suggests synergy. Under our experimental conditions, and using this method of analysis, the
combination of ascorbic acid and TPT was found to be synergistic at all concentrations of
TPT as shown in Figure-3A and the highest synergy was observed at the lower
concentrations (e.g., 10710 M) of TPT as shown in Figure-3B.

DNA DAMAGE STUDIES

As TPT is considered a topo | poison and the main mechanism of tumor cell death induced
by TPT results from its interactions with topo | protein, leading to protein-associated DNA
damage (single- and double-strand breaks), we examined the effects of ascorbic acid on both
cleavable complex formation and induction of double-strand breaks in the presence of TPT.
Data presented in Figure-4 (panel A) show that TPT alone was extremely active in inducing
cleavable complex formation as detected by the SDS-KCI precipitation assay. While
ascorbic acid alone was not effective in inducing topo I-dependent cleavage complex
formation, the presence of ascorbic acid significantly increased TPT-induced SDS-KCI
precipitate formation over a range of TPT concentrations (Figure-4). This would suggest that
ascorbic acid increases TPT-dependent topo I-induced DNA damage in MCF-7 breast cancer
cells.

We next examined the effects of ascorbic acid on TPT-induced double-strand break
formation using the -y-H2AX assay, as it has been shown to be a marker for DNA double-
strand breaks [38]. Treatment with TPT significantly increased y-H2AX in MCF-7 breast
cancer cells over the control (no treatment) at 2 h (Figure-4B). While ascorbic acid alone
had no effect on double-strand breaks, it significantly enhanced TPT-induced -y-H2AX
(Figure-4B), suggesting that ascorbic acid increases DNA double-strand break formation by
TPT.

Increases in DNA damage caused by TPT and the combinations of TPT and ascorbic acid
also induced both wild-type p53 and p21 proteins in MCF-7 cancer cells as noted before
with topo I-active drugs [39, 40] (Figure-4B). It is interesting to note that significantly (2-3-
fold) more p53 was induced with TPT in the presence of ascorbic acid than with TPT alone,
most likely from the increased DNA damage observed with TPT in the presence of ascorbic
acid.

APOTOSIS/NECROSIS STUDIES

Analyses of cell death caused by TPT, and the combination of TPT and ascorbic acid,
clearly show that these drugs induced significant necrosis of MCF-7 tumor cells at 48 h
(Figure 5). At 48 h both swelling and significant cell death was observed with TPT alone
and the combinations of TPT and AA (Figure-5). Furthermore, a small increase in TPT-
induced cell size was also observed in the presence of AA. These observations indicate that
in MCF-7 breast cancer cells, cell death by TPT and the combination of TPT and ascorbic
acid results mostly from necrosis.
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DISCUSSION

Studies described in this report show that one-electron oxidation of TPT, catalyzed by a
peroxidase-hydrogen peroxide system, readily forms a TPT radical. Because camptothecin,
the parent drug of TPT, lacks a 10-OH group in the quinolone ring, and did not form any
radical under the same experimental conditions that generated TPT*, we believe that the 10-
OH of the TPT is required for this free radical formation, and the radical detected, therefore,
is a phenoxyl radical-derived polymer radical [32] of TPT. We found that TPT" was stable
under aerobic conditions, indicating that TPT* did not react with molecular O, to generate
oxygen-based reactive species, e.g., 0,"~, H,O, and *OH. However, TPT"® reacted with GSH
and cysteine, forming the corresponding thiyl radicals and regenerating the parent drug.
While the main mechanism of tumor cell killing of TPT is believed to result from its
interactions with topo | and inhibition of DNA functions [1-5], TPT also induces oxidative
stress in tumor cells by depleting reduced GSH and it has been suggested that this oxidative
stress may induce tumor cell death [13]. However, little has been known about how TPT
generates oxygen free radicals and induces GSH depletion in tumor cells. Our present study
now clearly provides a mechanism for the depletion of GSH in tumor cells induced by TPT
radical that may lead to an imbalance of the redox state in tumor cells (i.e., oxidative stress).

We measured both glutathione depletion and oxidized glutathione formation following TPT
and TPT + AA treatment in MCF-7 cells by using EIman’s reagent as described by Rahman
et al. [41] and a Promega Glo (luminescent assay) assay kit. We did not to find significant
changes in total glutathione in MCF-7 breast cells following TPT and TPT and AA
combinations for either 1 h or 6 h incubations. It should be noted that Kagan et al. [42, 43]
have shown that VVP-16 causes more topo l1-dependent DNA damage following depletion of
cellular glutathione, resulting in increased VP-16 cytotoxicity.

High-dose ascorbic acid has been reported to cause tumor cell death and interact
synergistically with various chemotherapy drugs in tumor cells and /7 vivo [26, 44-47].
Furthermore, certain tumor cells have been found to be susceptible to H,O5 toxicity [48].
Our present study clearly shows that ascorbic acid significantly increased (>75-fold) TPT
cytotoxicity in MCF-7 breast cancer cells, and it was synergistic at all concentrations of
TPT, especially at lower and biologically more relevant concentrations of TPT. It is
interesting to note that this synergy was observed under various conditions of treatment, and
there was no dependence on the TPT or ascorbic acid treatment schedule in MCF-7 breast
cancer cells. We also found that both TPT and combinations of ascorbic acid and TPT
increased cell size, a hallmark of necrosis, in MCF-7 breast cancer cells. MCF-7 cancer cells
are known to be resistant to apoptosis to topo I drugs [49].

Mechanisms of this synergistic interaction between ascorbic acid and TPT in MCF-7 breast
tumor cells were also investigated. TPT induces topo I-dependent cleavable complex
formation in tumor cells that are converted to both single- and double-strand breaks, leading
to tumor cell death. The presence of ascorbic acid significantly enhanced both cleavable
complex formation and double-strand break formation by TPT in MCF-7 breast cancer cells.
Since ascorbic acid produces H,O» intracellularly, the possibility exists that peroxidase
activity converted TPT into its free radical form (TPT®) which then participated in increased
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DNA damage, resulting in synergistic tumor cell death from combinations of TPT and
ascorbic acid. Alternatively, Sordet et al. [14] have shown that oxygen free radicals
generated from arsenic trioxide or hydrogen peroxide induce a topo I-mediated increase in
cleavable complex formation; thus, the increased DNA damage observed with TPT in the
presence of ascorbic acid, topo | may have participated in enhanced H,O»-dependent
cytotoxicity. Pourquier et al. [50] have reported that oxidized DNA bases, especially after 8-
oxo-guanine modification, result in a significant trapping of topo I-DNA complexes when
present close to topo | cleavage sites (+1 or +2) in DNA. 8-Oxo-guanine formation in DNA
is believed to be a hallmark of oxidative stress, resulting from the oxidation of DNA by
H,0,-derived hydroxyl radicals [51, 52]. Thus, it is possible that HoO, formed from
ascorbic acid generates reactive *OH radicals in the presence of trace metal ions (Fe/Cu),
resulting in the formation of 8-oxo-guanine near the topo I cleavage site, causing enhanced
formation of both cleavage complexes and DNA double-strand-breaks in the presence of
TPT, and resulting in increased cell death. Bruzzese et al. [53] have also reported a
synergistic anticancer effect of TPT and vorinostate in small cell lung cancer cells which is
mediated by generation of ROS, resulting in an increase in DNA-topo | covalent complexes
and DNA double-strand breaks. Their observations are similar to the results reported in this
study.

Sane et al. [54] have shown that in Jukart cells, high dose ascorbate antagonizes
camptothecin cytotoxicity, while results presented in this study show that high dose
ascorbate increases cytotoxicity from topotecan synergistically. It is interesting to note that
although we were unable to detect free radical species from camptothecin during
peroxidase-H,0, catalysis, topotecan readily generated semiquinone polymer radicals.
Taken together, this would suggest that free radical species formed intracellularly from
ascorbate-generated H,O» play an important role in topotecan-induced DNA damage and
cell death.

Finally, it is interesting to note that the chemistry of TPT closely resembles that of another
topo-poison, VP-16. VP-16 is a topo I1-poison and contains a phenolic OH group that is
easily oxidized to a phenoxyl radical by an HRP (or myeloperoxidase)- system [29, 30, 43].
Like TPT* the VP-16" is stable at physiological pH; however, H,0 it is still extremely
reactive with glutathione, depleting glutathione in cells and /n vivo[35, 55]. VP-16°,
however, also undergoes significant metabolism forming various reactive products that bind
to DNA and proteins [30, 56], including topo 11, inhibiting its function [57]. At present, we
do not know whether TPT* also undergoes metabolism to generate other species that
contribute to TPT cytotoxicity. However, TPT is known to form some (less than 5%) N-
demethylated products in human patients [58], and it has been suggested that the metabolism
of TPT does not contribute significantly to the antitumor activities of TPT as the response
rate was similar in patients with and without compromised liver functions [6].

In conclusion, we have shown that TPT undergoes one-electron oxidation to form a TPT-
derived polymer radical that reacts with glutathione, resulting in the formation of glutathiyl
radical. We found that inclusion of ascorbic acid, which produces H,O5 in tumor cells,
significantly increases TPT cytotoxicity in MCF-7 breast cancer cells. Furthermore, ascorbic
acid significantly enhanced the DNA damage induced by TPT, indicating that the synergistic

Free Radic Biol Med. Author manuscript; available in PMC 2018 December 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sinha et al. Page 9

cytotoxicity of the combination observed in this study is related to this increased DNA
damage.
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Highlights
One-electron oxidation of topotecan generates topotecan phenoxy radical
Topotecan radical rapidly reacts with glutathione to generate glutathiyl radical

Ascorbic acid (AA) significantly enhances topotecan cytotoxicity in MCF-7 tumor
cells

Ascorbic acid significantly increased topoisomerase I-dependent DNA damage

Synergistic cytotoxicity of topotecan and AA may result from increased DNA
damage
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Topotecan (TPT)

Figure 1.
Structure of Topotecan and the proposed Topotecan Radical
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Panel A: The ESR spectra (a) of the TPT radical obtained following incubation of TPT (250
uM) with HRP (0.25 pg/ml) and H,0O, (500 uM) and (b) from camptothecin under similar

conditions. Panel B: Spin trapping of Glutathione (a) and Cysteine (c) radicals by ESR in
the presence of DMPO (100 mM). The TPT radical obtained as described above was treated
with catalase to remove any H,0, and treated with glutathione (1 mM) or cysteine (1 mM)

in the presence of DMPO and the resulting spectra were recorded. The GS-DMPO radical

(a) had the following hyperfine coupling constants a¥ = 15.1 G and a7 = 16.1 G; (b)

Simulation of GS-DMPO. The Cys-DMPO (c) had the following coupling constants: aN =

15.1 G; and aH = 17.4 G (d) Simulation of Cys-DMPO radical. The ESR studies were
carried out as described in the methods section.
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Figure 3.
Cytotoxicity (A) of TPT alone (l-H) and in the presence of ascorbic acid (@-@,1 mM).

Mixtures were allowed to incubate for 48 h and the surviving cells were counted as
described in the methods section. (B) Synergy plot at lower concentration of TPT. The
synergy plot was calculated as described by Jonsson et al. [37]. The green line (A-A) in
Figure 3A represents calculated values for additive interactions between TPT and ascorbic
acid. TPT alone (H-H, black line) and TPT + AA (@-@, red line, added simultaneously) are
actual values obtained experimentally. (C) Cytotoxicity of TPT under various conditions in
the presence of ascorbic acid (1 mM). Ascorbic acid added (A-A) first; TPT added (@-@®)
first. Values represent four separate experiment carried out in triplicates. ***, ** and * p
values < 0.001, 0.005, and < 0.05 compared with concentration-matched samples. ####, ##,
and # values < 0.001, 0.005 and < 0.05 from concentration-matched predicated additive
values.
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Figure 4.
Panel A Formation of cleavage complexes in MCF-7 breast cancer cells by TPT alone (O)

and TPT in the presence of ascorbic acid (H). Cells were treated with TPT (0.25 and 1.0
uUM) for 1 h in complete medium (2 ml) in the presence or in the absence of ascorbic acid (1
mM). The SDS-KCI precipitation assay was carried out as described in the methods section.
Data represent three independent experiments carried out in duplicates. ** and, * p values <
0.005 and < 0.05 compared with concentration-matched samples. Panel B: Western blots
analysis for y-H2AX, p53 and p21 following treatment with TPT (1 uM) alone and in the
presence of ascorbic acid (1 mM) for 2 h. Panel C: Quantification of H2AX proteins. *, p
value < 0.05 compared to TPT alone.
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Necrosis induced by TPT and TPT + ascorbic acid in MCF-7 breast cancer cells at 48 h.
MCF-7 cells were treated with TPT (0.5 uM) in the presence or absence of ascorbic acid (1
mM). Cells were collected and washed twice with ice-cold PBS and analyzed. Panel 1,
control, no treatment; panel 2, ascorbic acid; panel 3, TPT; and panel 4, TPT + ascorbic acid.
A representative scan is shown here.

Free Radic Biol Med. Author manuscript; available in PMC 2018 December 01.



	Abstract
	Graphical Abstract
	INTRODUCTION
	Materials and Methods
	Electron Spin Resonance Studies
	Cell Culture
	Cytotoxicity Studies
	SDS-KCl Precipitation Assay
	Western Blot Assay
	Analysis of Plasma Membrane Integrity and Cell Size by Flow Cytometry

	RESULTS
	ESR STUDIES
	CYTOTOXICITY STUDIES
	DNA DAMAGE STUDIES
	APOTOSIS/NECROSIS STUDIES

	DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

