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Abstract
Depletion of reduced form glutathione (GSH) has been extensively studied for its effect on sensitizing
cancer to radiation. However, little is known about the effect of thiol oxidative stress created through
an increase in glutathione disulfide (GSSG) on cancer sensitivity to radiation. In this study, an
increase in GSSG was effectively created by 2-acetylamino-3-[4-(2-acetylamino-2-
carboxyethylsulfanylthiocarbonylamino)phenylthiocarbamoylsulfanyl]propionic acid (2-AAPA),
an irreversible glutathione reductase (GR) inhibitor. Our results demonstrate that the GSSG increase
significantly enhanced cancer sensitivity to X-ray irradiation in four human cancer cell lines (A431,
MCF7, NCI-H226 and OVCAR-3). When cells were pretreated with 2-AAPA followed by X-ray
irradiation, the IC50 values of X-ray for A431, MCF7, NCI-H226 and OVCAR-3 cells were reduced
from 24.2±2.8, 42.5±3.0, 43.0±3.6 and 27.8±3.5 Gy to 6.75 ±0.9, 8.1±1.1, 6.75±1.0, and 12.1±1.7
Gy respectively. The synergistic effects observed from the combination of X-ray plus 2-AAPA were
comparable to that from the combination of X-ray plus buthionine sulfoximine (BSO), a reference
compound known to increase cancer sensitivity to radiation. The synergistic effect was correlated
with an increase in cell thiol oxidative stress which was reflected by a 5–6 fold increase in GSSG
and 25% increase in total disulfides. No change in GSH and total thiols was observed as a result of
GR inhibition.
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Introduction
Radiotherapy is one of the major therapies for cancer treatment. Radiotherapy produces cancer
cell growth inhibition by generating free radicals which, in turn, cause DNA breaks and damage
to other cellular components [1]. One of the major issues associated with clinical use of
radiotherapy is the development of radiotherapy resistance [2]. The mechanisms by which
tumor cells develop radiation resistance are complex and can be due to local tissue hypoxia,
over expression of antioxidant enzymes such as catalase, superoxide dismutase (SOD),
glutathione peroxidase (GP), and glutathione reductase (GR), over production of antioxidants,
primarily thiols, and inherent factors such as p53 status and bcl-2 activity [1,3–18].

Several pharmacologically based approaches have been successfully employed to reduce
radiotherapy resistance. Specifically, these approaches include modulation of the intracellular
thiol pool, blockage of bcl-2, inhibition of topoisomerase II or activated Ras, and a combination
of radiation with antiangiogenesis agents [7–13,15–16,19–23].

Thiols play an important role in cancer resistance to radiotherapy. The mechanism of cancer
resistance caused by thiols is attributed to the ability of thiols to terminate free radicals.
Glutathione (GSH) is the most prevalent non-protein thiol (NP-SH) in mammalian cells. GSH
terminates free radicals with itself being oxidized to glutathione disulfide (GSSG) (Scheme 1).
Due to the relevance of GSH in terminating free radicals, numerous reports have been
documented about the effects of GSH depletion on cancer sensitivity to radiation and other
chemotherapeutic treatments [8,24]. The most extensively studied GSH depletion agent is
buthionine sulfoximine (BSO), an inhibitor of the rate determining enzyme γ-glutamylcysteine
synthetase in GSH biosynthesis. BSO has been demonstrated to effectively deplete GSH and
sensitize cancer to radiation [25–30] and other chemotherapeutic agents [8,24].

Another enzyme related to GSH metabolism is glutathione reductase (GR, EC 1.8.1.7). GR
catalyzes the reduction of GSSG back to GSH to maintain a reducing intracellular environment
(Scheme 1) [9,31]. Inhibition of this enzyme has been demonstrated to lead to an accumulation
of GSSG creating a state of thiol oxidative stress [32,33]. However, studies about the effect of
thiol oxidative stress created through an increase in GSSG on cancer sensitivity to radiation
are limited. Recently, Coleman and coworkers demonstrate that 2- deoxy-D-glucose increased
GSSG levels by blocking glucose metabolism and sensitized pancreatic cancer to radiation
[34]. It needs to be noted that thiol oxidative stress created through an increase in GSSG is not
the same as thiol oxidative stress created through depletion of GSH. Further, considering the
ratios of GSH/GSSG which range from 30:1 to 300:1 with typical intracellular GSH in
millimolar concentrations [35,36], an increase in GSSG is expected to produce more significant
impact on the thiol redox potential than depletion of GSH. In this investigation, the effect of
an increase in thiol oxidative stress through an accumulation of GSSG on cancer sensitivity
was examined in four human cancer cell lines (A431, MCF7, NCI-H226 and OVCAR-3). The
accumulation of GSSG was achieved by the use of 2-acetylamino-3-[4-(2-acetylamino-2-
carboxyethylsulfanyl-thiocarbonylamino)phenylthiocarbamoylsulfanyl]propionic acid (2-
AAPA), a selective and irreversible GR inhibitor with Kiand kinact values of 56 μM and 0.1
min−1 respectively [37]. 2-AAPA did not cause any significant change in GSH in this study.
This study also employed BSO as a reference compound. Our data demonstrate that cancer
cells became more sensitive to radiation when they were pretreated with 2-AAPA to create a
state of thiol oxidative stress. The synergistic effect observed for the combination of 2-AAPA
and radiation were comparable to that observed from the combination of BSO and radiation.
The sensitizing effect was correlated with an increase in cell thiol oxidative stress which was
reflected by a 5–6 fold increase in GSSG and 25% increase in total disulfides which include
protein disulfides and non-protein disulfides.
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Materials and Methods
Materials

GSH, GSSG, 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB, Ellman’s reagent), sodium
borohydride (NaBH4), BSO, p-aminobenzoic acid, β-methylphenylalanine, sulfosalicylic acid,
dimethyl sulfoxide (DMSO), ethylenediamine tetraacetic acid (EDTA), bovine serum albumin
(BSA), insulin, and Bradford reagent were obtained from Sigma-Aldrich Chemical Co.
(Milwaukee, WI). MEM and RPMI 1640 growth medium, fetal bovine serum (FBS), penicillin/
streptomycin, and phosphate buffered saline (PBS) were purchased from Mediatech, Inc
(Herndon, VA). DMEM growth medium was bought from the American Type Culture
Collection (ATCC, Bethesda, MD). 2-AAPA was obtained through a one-step synthesis from
commercially available starting materials [37]

Stock solutions
Solutions of DTNB, p-aminobenzoic acid, and NaBH4 were made in 0.15 M NaH2PO4 (pH
7.5). Solutions of GSH, GSSG, and β-methylphenylalanine were prepared in 0.1% HCl
aqueous solution. 2-AAPA (2 mM) was dissolved in DMEM, MEM, or RPMI 1640 growth
medium containing 10% FBS and 1% penicillin/streptomycin. BSO (20 mM) was made in
ultrapure water (Milli-Q purification system, Millipore, Bedford, MA) with pH adjusted to 10.
Stock solutions of 2-AAPA and BSO were filtered through a Medical Millex-GP Filter (0.22
μm, sterilized, Millipore, Billerica, MA). All stock solutions were stored at −80°C before use
except NaBH4 which was prepared fresh and stored over ice for one-day assay. The stock
solutions of 2-AAPA and BSO were diluted to the concentration needed for treatment of cells
with DMEM, MEM or RPMI 1640 growth medium.

Part 1. Determination of Cancer Sensitivity to Radiation
Cell lines and culture—A431 (human skin cancer cell line) and MCF7 (human breast cancer
cell line) were obtained from American Type Culture Collection (ATCC, Manassas, VA). NCI-
H226 (human lung cancer cell line) and OVCAR-3 (human ovarian cancer cell line) were
obtained from the National Cancer Institute. The cells were maintained in DMEM (A431),
MEM (MCF7) or RPMI 1640 (NCI-H226 and OVCAR-3) growth medium containing 10%
FBS and 1% penicillin/streptomycin in a humidified atmosphere consisting of 5% CO2 at 37°
C. Insulin (10 μg/mL) was added as an additional component in the MEM medium for MCF7
cells.

Cell viability—Cell viability was measured by a colorimetric assay in a 96-well plate with
MTT (3-[4,5]-dimethylthiazol-2, 5-diphenyltetrazolium bromide) [38]. Briefly, at the end of
cell growth, the medium was removed and replaced with an MTT solution (0.5 mg/mL, 50
μL/well). The plate was protected from light and incubated at 37°C for 4h in a humidified
atmosphere of 5% CO2. A purple formazan product was then formed by the action of
mitochondrial enzymes in metabolically viable cells. This product was dissolved by DMSO
(150 μL/well, 1h). The absorbance of each well was quantified with a SpectraMax M2
microplate reader (Molecular Devices, Sunnyvale, California) using a test wavelength of 570
nm and a reference wavelength of 650 nm.

Determination of X-ray irradiation dose response curves—To determine the effect
of X-ray irradiation alone on the viability of the cancer cell lines, a dose response curve was
determined with each cell line. Exponentially growing cells were plated at a density based on
the optimal cell numbers obtained for each cell line (1000 cells/well for A431, 2500 cells/well
for MCF7, 1800 cells/well for NCI-H226, and 1500 cells/well for OVCAR-3) in 96-well plates.
The cells were allowed to attach for 24h at 37°C in a humidified atmosphere of 5% CO2. After
24h, the medium was removed and replaced with fresh medium. Radiation was carried out
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using a Cabinet X-ray system-Faxitron Series (Model RX-650, Faxitron X-ray Corp, Wheeling,
IL). A lead plate was employed to assure that radiation was delivered only to the intended
column. Dosages from 6.75 to 101.25 Gy were delivered at a rate of 6.75 Gy/min with the
following settings: 130 kVp, 5 mA, and 0.5 mm aluminum filter. After radiation, the 96-well
plate was returned to the incubator for an additional 6 days. Cell viability was determined by
the MTT assay. A control experiment was conducted in parallel with no radiation applied. It
needs to be noted that the radiation dosage indicated is the dosage delivered from the X-ray
machine to the 96-well plate with the plate lid on. The IC50 of radiation for each cell line was
derived from the dose-response curve. The IC50 is defined as the dose of X-ray that inhibits
cell growth by 50%.

Determination of 2-AAPA dose response curves—To determine the effect of 2-AAPA
alone on the viability of the cancer cell lines, the dose response curve of 2-AAPA for each cell
line was obtained, and from which the IC50 value of 2-AAPA was derived. The determination
followed the same procedure as described for the X-ray dose response curves except the cells
were treated with 2-AAPA (1 μM to 1000 μM) instead of radiation. A control experiment was
carried out in parallel with no 2-AAPA treatment.

Determination of the effect of 2-AAPA on cancer cell sensitivity to X-ray
irradiation—Exponentially growing cells were plated as described above, and the cells were
allowed to attach for 24h at 37°C in a humidified atmosphere of a 5% CO2 incubator. After
the attachment period, the medium was removed and replaced with medium containing 2-
AAPA. After a 2h treatment with 2-AAPA, X-ray irradiation was carried out as described
above, and the cells were allowed to grow for an additional 6 days at 37°C in a humidified
atmosphere of a 5% CO2 incubator. Cell viability was determined by the MTT assay. A control
experiment was carried out in the same way except cells were treated with no 2-AAPA or X-
ray irradiation.

Determination of the effect of BSO on cancer cell sensitivity to X-ray irradiation
—Exponentially growing cells were plated and allowed to attach as described above. After the
attachment period, the medium was removed and replaced with medium containing BSO (50
μM), and the cells were incubated in the incubator for 24h before X-ray irradiation. X-ray
irradiation was carried out as described above, and the cells were allowed to grow for an
additional 5 days (total incubation length was the same as that in the treatment with 2-AAPA).
Cell viability was determined as described above. A control experiment was carried out in the
same way except cells were treated with no BSO or X-ray irradiation.

Synergism calculation—The synergism of 2-AAPA and X-ray irradiation was calculated
based on a method described by Momparler [39]. An expected value of cell survival rate
(Sexp) is defined as the product of the survival rates observed from 2-AAPA (S2-AAPA) and X-
ray (SX-ray): Sexp = S2-AAPA × SX-ray. The synergistic effect, Ssyn, is defined as the result when
the observed survival rate (Sobs) from the combination treatment is lower than Sexp (Sexp −
Sobs >0). When Sexp − Sobs = 0 or <0, it is defined as an additive or antagonistic effect,
respectively. A synergistic effect is expected if 2-AAPA increases the sensitivity of cancer
cells to radiation.

Part 2. Determination of GR Activity, GSH, GSSG, Total Thiols and Total Disulfides in
OVCAR-3 Cells

Cell treatment—Exponentially growing OVCAR-3 cells (2.5 million in 58.5 mL growth
medium) were placed in a 185 cm2 flask under the same culture conditions described above
for 24h for attachment. After attachment, the flask was added with 1.5 mL of the stock solution
of 2-AAPA (2 mM) to give the final concentration of 50 μM (for 2-AAPA alone and the
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combination of 2-AAPA plus X-ray) or with 1.5 mL of fresh medium (for control and X-ray
alone). The cells were then incubated for 2h. Following this incubation, the cells for the X-ray
treatment and X-ray plus 2-AAPA were exposed to X-ray irradiation at a dose of 13.5 Gy. All
of the flasks were then incubated for an additional 30 minutes. At the end of each treatment,
the total number of cells in each flask was about 5 million. The medium was then collected,
and the cells were rinsed with PBS and detached by trypsinization. The medium and the cell
suspension were combined and centrifuged at 1000 × g for 5 min. The cell pellet from each
flask was collected and then divided for the following assays: ~2 million cells for the
determination of GR activity and protein content and ~3 million cells for quantification of
GSH, GSSG, total thiol, and total disulfides. Protein content was determined by the Bradford
method with BSA as the standard (Sigma-Aldrich Co., Milwaukee, WI). Cell viability was
determined by trypan blue staining.

Determination of GR activity—The cell pellet obtained above was washed with ice-cold
PBS containing 1 mM EDTA (5 mL), then suspended in 0.4 mL of hypotonic phosphate buffer
(1 mM, pH 7.5) containing 1 mM EDTA, and sonicated using a Misonix XL2020 sonicator
with a cup horn probe (Farmingdale, NY) for 4 min. The homogenate was centrifuged at
120,000 × g for 20 min at 4°C, and GR activity in the supernatant was determined as described
[40]. Briefly, the assay mixture contained the supernatant (300 μL), BSA (1 mg/mL), and
NADPH (0.2 mM). The enzymatic reaction was initiated by addition of GSSG (0.52 mM). GR
activity was measured by the initial rates of disappearance of NADPH determined
spectrophotometrically at λ=340 nm.

Preparation of cell lysate for quantification of GSH, GSSG, total thiols and total
disulfides—The cell pellet was washed with 5 mL ice-cold PBS containing 1 mM EDTA,
then suspended in 0.5 mL of 10% sulfosalicylic acid, and sonicated using a Misonix XL2020
sonicator with a cup horn probe (Farmingdale, NY) for 4 min.

Quantification of GSH and GSSG—GSH and GSSG were quantified as described
previously with minor modification [41]. Briefly, the cell lysate (100 μL) prepared above was
added with β-methylphenylalanine (100 μg/mL, 10 μL) as an internal standard and DTNB (50
mM, 60 μL), followed by neutralization with phosphate buffer (0.5 M, pH 10, 200 μL) (final
pH 7.4). The samples were left at ambient temperature for 15 min to allow the completion of
GSH derivatization by DTNB. After derivatization, the samples were acidified by HCl (10 M,
30 μL), and the acidified samples were diluted 10 times with 0.1% HCl solution. Fifty μL of
the diluted sample was injected into LC/MS for quantification of GSSG and the derivatized
GSH. Standard curves were constructed by spiking the cell lysate with various known amounts
of GSH (for GSH quantification) or GSSG (for GSSG quantification). The LC/MS analysis
was conducted on a Waters Micromass Quattro Ultima Mass Unit (Waters, Milford, MA).

Quantification of total thiols and total disulfides—Quantification of total thiols, which
include protein thiols and non-protein thiols, and total disulfides followed a procedure
developed recently from this laboratory [42]. The method was based on the HPLC
quantification of TNB released from the reaction of DTNB with thiols before and after
NaBH4 reduction of disulfides.

Statistical Analysis—Data were analyzed using statistical functions in Microsoft Excel and
are shown as means ±S.D. Student t-tests were performed for significance of differences in
sample means with a cutoff of p < 0.05.
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Results and Discussion
Thiol redox buffer, reflected by the ratio of GSH/GSSG, is the principal redox buffer of the
cell [35,43]. The high ratio of GSH/GSSG, the basis of the intracellular reducing environment,
is primarily maintained by GR through reduction of GSSG back to GSH [44]. Inhibition of GR
leads to an accumulation of GSSG which increases intracellular thiol oxidative stress. As a
result, the cells are likely to be more susceptible to damage caused by oxidative stress.
Consistently, an increase in GR activity has been found to attribute to the resistance to
radiotherapy [5,7,9]. Therefore, it is reasonable to expect that an increase in cellular thiol
oxidative stress through inhibition of GR would make cancer cells more susceptible to
oxidative stress damage incurred by radiation.

In this study, 2-AAPA, a novel dithiocarbamate GR inhibitor, was used as a tool to investigate
the effect of GR inhibition on the sensitivity of cancer cells to X-ray irradiation. Initially,
N,N-bis(2-chloroethyl)-N-nitrosourea (BCNU), the most commonly used irreversible GR
inhibitor with an IC50 value of 647 μM against yeast GR [45], was employed for the
investigation. However, the DNA alkylating property of BCNU [45] complicates its use as a
GR inhibitor for this investigation. 2-AAPA, employed in this study, was identified as a
selective irreversible GR inhibitor and is able to create a state of thiol oxidative stress through
accumulation of GSSG with minimal impact on other cellular functions [37]. Four human
cancer cell lines were selected in the study. These cell lines have been used in studies examining
methods of increasing cancer sensitivity to radiation [3,25,46,47]. BSO was used as a reference
compound as it has been shown to increase cancer sensitivity to radiation through depletion of
GSH [48]. In addition BSO has been in clinical trials to evaluate its sensitizing effect in cancer
patients [49].

Based on the dose-response curves (Figure 1), the IC50 values of X-ray for A431, MCF7, NCI-
H226 and OVCAR-3 cells were determined to be 24.2±2.8, 42.5±3.0, 43.0±3.6 and 27.8±3.5
Gy respectively. To find an optimal concentration for the study of cancer sensitizing effect,
dose-response curves of 2-AAPA were obtained. Our results show that 2-AAPA itself did
produce cytotoxicity against A431, MCF7, NCI-H226 and OVCAR-3 cells with average
IC50 values of 73.1±4.0 μM, 75.2±5.2 μM, 68.4±4.3 μM and 68.1±5.2 μM, respectively. It is
not clear whether the cytotoxicity of 2-AAPA is related to the inhibition of GR. To determine
the effect of GR inhibition on cancer sensitivity, cancer cells were pretreated with 2-AAPA
for 2 hours followed by X-ray radiation. Table 1 shows observed cell survival rates (Sobs),
expected cell survival rates (Sexp), and synergistic effect obtained from drug combinations of
2-AAPA at different concentrations plus a fixed radiation dosage. The fixed radiation dosage
was selected in a way that the dosage would produce some cell death but also provide enough
space to observe synergistic effects. Based on these results, the concentrations of 2-AAPA
found to produce the best synergistic effects with X-ray radiation were determined to be 55
μM, 60 μM, 60 μM and 50 μM for A431, MCF7, NCI-H226 and OVCAR-3, respectively
(Table 1). Concentrations of 2-AAPA higher than these concentrations caused too much cell
death and did not give enough space to observe synergistic effects (data not shown). These
concentrations were then selected to investigate the effect of 2-AAPA on the sensitivity of the
cancer cell lines to X-ray radiation. Table 2 presented Sobs, Sexp and synergistic effects obtained
from drug combinations of a fixed concentration of 2-AAPA plus X-ray radiation at different
dosages. The results reveal that 2-AAPA produced synergistic effects with X-ray radiation at
most employed dosages in all four cell lines studied demonstrating that 2-AAPA effectively
increased the sensitivity of the cancer cells to radiation (Table 2). The highest synergistic effects
produced by the combination of 2-AAPA and X-ray were 11.8±1.9%, 11.5±2.4%, 11.5±2.3%,
and 16.7±1.6% respectively with A431, MCF7, NCI-H226 and OVCAR-3 cell lines (Table 2).
The effects of 2-AAPA at the optimal concentration on the dose-response curves of X-ray
radiation with the four cancer cell lines are presented in Figure 1. Based on the dose-responses
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curves, the IC50 values of X-ray for A431, MCF7, NCI-H226 and OVCAR-3 cells were reduced
from 24.2±2.8, 42.5±3.0, 43.0±3.6 and 27.8±3.5 Gy to 6.75 ±0.9, 8.1±1.1, 6.75±1.0, and 12.1
±1.7 Gy respectively (Figure 1). To place 2-AAPA’s effect on cancer radiation sensitizing
effect in a perspective, the effect of BSO on radiation sensitivity in these four cell lines was
determined. Table 3 presents Sobs, Sexp, and synergistic effect obtained from the combination
of X-ray radiation at different dosages plus BSO at 50 μM, a concentration used in the literature
to increase cancer cell sensitivity to radiation (48). As shown in table 3, synergistic effects
were observed from all the drug combinations studied demonstrating that BSO effectively
increased the sensitivity of these cancer cells to radiation. The highest synergistic effects
produced by BSO were found to be 15.3±2.1%, 14.7±1.2%, 14.5±1.5%, 22.4±2.3%
respectively with A431, MCF7, NCI-H226 and OVCAR-3 cell lines (Table 3). BSO reduced
the IC50 values of X-ray to 16.3 ±2.8, 26.7±2.3, 19.5 ±1.9, and 17.3 ±2.1 Gy respectively for
A431, MCF7, NCI-H226 and OVCAR-3 cell lines. It needs to be noted that although 2-AAPA
reduced IC50 more significantly than BSO based on the dose-response curves, 2-AAPA
produced more cytotoxicity than BSO at the concentration employed (Tables 2 and 3).
Nevertheless, the synergistic effects produced by the combination of 2-AAPA and X-ray
radiation are comparable to that obtained from the combination of BSO and X-ray radiation.

To examine whether the synergistic effect is correlated with thiol oxidative stress, intracellular
GR, GSH, GSSG, total thiols and total disulfides were determined in OVCAR-3 cells, the cell
line where the best synergistic effect was observed for the combination of 2-AAPA and X-ray.
As expected, at the end of a two hour treatment with 50 μM 2-AAPA, 80±3% of GR activity
was inhibited (Figure 2). Consistently, an increase in GSSG was observed. GSSG was increased
by 2–3 fold after treatment with 2-AAPA (50 μM) for 2h (Figure 3A). Interestingly, compared
with the control, no significant decrease in GSH was observed by GR inhibition (Figure 3B),
which is not totally unexpected considering the relatively low quantity of GSSG compared to
that of GSH in cells and that inhibition of GR may not produce too much impact on the GSH
level. Nevertheless, the increase in GSSG indicates a state of thiol oxidative stress. On the
other hand, radiation alone (13.5 Gy) did not produce any significant effect on GR (Figure 2),
GSSG (Figure 3A) or GSH (Figure 3B). However, when cells were pretreated with 2-AAPA
(50 μM) for 2h followed by X-ray radiation (13.5 Gy), GSSG was increased 5–6 fold compared
with only a 2–3 fold increase by 2-AAPA alone and no change from radiation alone indicating
that the oxidatively stressed cells were more susceptible to radiation insult (Figure 3A).
Similarly, a significant increase in the content of total disulfides was only noticed in the cells
pretreated with 2-AAPA followed by radiation (Figure 3D). As noticed with GSH, no
significant changes were found in the content of total thiols by 2-AAPA, radiation, or a
combination of 2-AAPA and radiation (Figure 3C) revealing that GR inhibition showed a
minimal impact on the levels of thiols despite the increase in disulfides. Overall these results
suggest that an increase in thiol oxidative stress was likely to be the mechanism behind the
observed synergistic effect of X-ray and 2-AAPA.

Together, these data demonstrate that an increase in thiol oxidative stress through inhibition
of GR can increase cancer cell sensitivity to radiation. The increase in sensitivity was
comparable to that produced by BSO. Further in vivo investigation is needed to evaluate its
potential as a novel approach to increase cancer sensitivity to radiation.
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Abbreviations
2-AAPA  

2-acetylamino-3-[4-(2-acetylamino-2-carboxyethylsulfanylthio-
carbonylamino)phenylthiocarbamoylsulfanyl]propionic acid

BCNU  
N,N-bis(2-chloroethyl)-N-nitrosourea

BSO  
buthionine sulfoximine

DTNB  
5,5′-dithiobis(2-nitrobenzoic acid)

GP  
glutathione peroxidase

GR  
glutathione reductase

GSH  
Reduced form glutathione

GSSG  
oxidized form glutathione or glutathione disulfide

NaBH4  
sodium borohydride

SOD  
superoxide dismutase
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Figure 1.
The effect of 2-AAPA or BSO on the dose response curve of X-ray with A431, MCF7, NCI-
H226, and OVCAR-3 cell lines (-◆-: radiation alone; -△-: BSO + radiation; -▲-: 2-AAPA
+ radiation;. Cells pretreated with 2-AAPA (2h) or BSO (50 μM, 24h) followed by X-ray
irradiation as described in the Materials and Methods. The data are presented as percentage of
the control where cells were treated with no radiation, no 2-AAPA and no BSO. The cell
viability for the control was > 95%. The data are expressed as the means ± S.D. of three
independent experiments.
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Figure 2.
GR activity in OVCAR-3 cells treated with 2-AAPA and/or X-ray. Cells were treated with 2-
AAPA (50 μM, 2h), X-ray (13.5 Gy), or 2-AAPA (50 μM, 2h) plus X-ray (13.5 Gy) as indicated
in the Materials and Methods. The data are presented as percentage of GR activity of the control
where cells were treated with no radiation, no 2-AAPA and no BSO. The cell viability for the
control was > 95%. The data are expressed as the means ± S.D. of three independent
experiments. * p < 0.05, versus control.
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Figure 3.
GSSG (panel A), GSH (panel B), total thiols (panel C), and total disulfides (panel D) in
OVCAR-3 cells treated with 2-AAPA and/or X-ray. Cells were treated with 2-AAPA (50 μM,
2h), X-ray (13.5 Gy), or 2-AAPA (50 μM, 2h) plus X-ray (13.5 Gy) as indicated in the Materials
and Methods. The data are presented as the means ± S.D. of three independent experiments.
*, p < 0.05, versus control.
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Scheme 1.
GSH being oxidized to GSSG in the presence of radicals or ROS and reduction of GSSG back
to GSH by GR.
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Table 1
The effects of 2-AAPA at different concentrations on the sensitivity of cancer cell lines to X-ray radiation. Cells were
pretreated with 2-AAPA for two hours followed by X-ray irradiation in a 96-well plate. The treated cells were incubated
at 37°C in a humidified atmosphere of 5% CO2 for an additional 6 days as indicated in the Materials and Methods. The
X-ray dosages indicated were the dosages delivered to the 96 well plate with the lid on. The cell viability of the control
was >95%. Calculation of expected cell survival rates (Sexp) and synergistic effects followed formulas provided in the
Materials and Methods: Sexp = the product of the cell survival rates of 2-AAPA alone and X-ray alone; Calculated
synergistic effect = Sexp − Sobs where Sobs is the observed cell survival rate. The data are derived from three independent
experiments and presented as the means ± S.D.

A

Cell line A431

Drug combination* Sobs (% of control) Sexp (% of control) Calculated Synergistic effect

55 μM+X-ray (13.5 Gy) 31.9±2.1% 43.7±2.0% 11.8±1.9%

50 μM+X-ray (13.5 Gy) 46.6±2.4% 54.5±2.1% 7.9±1.9%

35 μM+X-ray (13.5 Gy) 59.9±2.1% 64.2±2.7% 4.3±1.1%

25 μM+X-ray (13.5 Gy) 62.3±1.9% 66.5±2.3% 4.2±2.0%

B

Cell line MCF7

Drug combination* Sobs (% of control) Sexp (% of control) Calculated Synergistic effect

60 μM+X- ray (13.5 Gy) 42.1±2.2% 53.6±2.2% 11.5±2.4%

50 μM+X- ray (13.5 Gy) 61.1±2.1% 67.5±2.3% 6.4±2.0%

35 μM+X- ray (13.5 Gy) 66.8±2.3% 71.3±2.1% 4.5±1.9%

25 μM+X- ray (13.5 Gy) 72.3±2.1% 74.3±1.3% 2.0±1.6%

C

Cell line NCI-H226

Drug combination* Sobs (% of control) Sexp (% of control) Calculated Synergistic effect

60 μM+X- ray (6.75 Gy) 47.7±2.2% 59.2±2.3% 11.5±2.3%

50 μM+X- ray (6.75 Gy) 70.1±2.0% 78.0±2.1% 7.9±2.1%

35 μM+X- ray(6.75 Gy) 83.5±2.1% 86.6±1.4% 3.1±2.9%

25 μM+X- ray (6.75 Gy) 84.9±2.4% 88.6±3.1% 3.7±1.8%

D

Cell line OVCAR-3

Drug combination* Sobs (% of control) Sexp (% of control) Calculated Synergistic effect

50 μM+X- ray (13.5 Gy) 47.0±1.9% 63.7±2.4% 16.7±1.6%

35 μM+X- ray (13.5 Gy) 60.4±2.4% 69.7±3.1% 9.3±1.8%

25 μM+X- ray (13.5 Gy) 70.3±2.0% 76.2±2.9% 5.9±2.1%

15 μM+X- ray (13.5 Gy) 75.1±1.9% 79.2±2.1% 4.1±2.3%
*
The cell survival rates were 60.5±2.3%, 75.5±2.1%, 88.9±2.0%, and 92.1±1.4% for 2-AAPA alone at 55 μM, 50 μM, 35 μM, and 25 μM respectively.

The cell survival rate for X-ray alone (13.5 Gy) was 72.2±1.8%.

*
The cell survival rates were 67.9±2.4%, 85.5±2.0%, 90.3±2.2%, and 94.2±1.8%for 2-AAPA alone at 60 μM, 50 μM, 35 μM, and 25 μM respectively.

The cell survival rate for X-ray alone (13.5 Gy) was 78.9±2.5%.

*
The cell survival rates were 60.5±2.2%, 79.5±2.4%, 88.3±2.1%, 90.3±2.5%for 2-AAPA alone at 60 μM, 50 μM, 35 μM, and 25 μM respectively. The

cell survival rate for X-ray alone (6.75 Gy) was 98.1±1.5%.
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*
The cell survival rates were 75.4±2.2%, 82.5±2.0%, 90.2±2.3% and 93.8±1.2% for 2-AAPA alone at 60 μM, 50 μM, 35 μM, and 25 μM respectively.

The cell survival rate for X-ray alone (13.5 Gy) was 84.5±1.9%.
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