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Abstract
The free radical scavenger WR1065 (SH) is the active thiol form of the clinically approved
cytoprotector amifostine. At doses of 40 μM and 4 mM it can activate the redox-sensitive nuclear
transcription factor κB (NFκB) and elevate the expression of the antioxidant gene manganese
superoxide dismutase (MnSOD) in human microvascular endothelial cells (HMEC). MnSOD
contains binding motifs for a number of transcription factors other than NFκB and codes for a potent
antioxidant enzyme localized in the mitochondria that is known to confer enhanced radiation
resistance to cells. The purpose of this study was to determine the effect of WR1065 exposure on the
various transcription factors known to affect MnSOD expression along with the subsequent kinetics
of intracellular elevation of MnSOD protein levels and associated change in sensitivity to ionizing
radiation in HMEC. Cells were grown to confluence and exposed to WR1065 for 30 min. Affects on
the transcription factors AP1, AP2, CREB, NFκB, and Sp1 were monitored as a function of time
ranging from 30 min to 4 h after drug exposure using a gel-shift assay. Only NFκB exhibited a marked
activation and that occurred 30 min following the cessation of drug exposure. MnSOD protein levels,
as determined by Western blot analysis, increased up to 16-fold over background control levels by
16 h following drug treatment, and remained at 10-fold or higher levels for an additional 32 h. MnSOD
activity was evaluated using a gel-based assay and was found to be active throughout this time period.
HMEC were irradiated with X-rays either in the presence of 40 μM or 4 mM WR1065 or 24 h after
its removal when MnSOD levels were most elevated. No protection was observed for cells irradiated
in the presence of 40 μM WR1065. In contrast, a 4 mM dose of WR1065 afforded an increase in cell
survival by a factor of 2. A “delayed radioprotective” effect was, however, observed when cells were
irradiated 24 h later, regardless of the concentration of WR1065 used. This effect is characterized as
an increase in survival at the 2 Gy dose point, i.e., a 40% increase in survival, and an increase in the
initial slope of the survival curve by a factor of 2. The anti-inflammatory sesquiterpene lactone,
Helenalin, is an effective inhibitor of NFκB activation. HMEC were exposed to Helenalin for 2 h at
a nontoxic concentration of 5 μM prior to exposure to WR1065. This treatment not only inhibited
activation of NFκB by WR1065, but also inhibited the subsequent elevation of MnSOD and the
delayed radioprotective effect. A persistent marked elevation of MnSOD in cells following their
exposure to a thiol-containing reducing agent such as WR1065 can result in an elevated resistance
to the cytotoxic effects of ionizing radiation and represents a novel radioprotection paradigm.
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Introduction
The deleterious effects of ionizing radiation are known to be mediated both through the direct
deposition of energy to critical biological molecules, the direct effect, and indirectly through
the generation of highly reactive free radicals that in turn can go on to induce free radical
damage to important biological targets such as DNA, the indirect effect [1]. The free radical-
mediated indirect effect is known to account for approximately 75% of the subsequent damage
to cells exposed to low LET ionizing radiation. For this reason the historical development of
chemical compounds to protect against radiation damage has centered on antioxidative free
radical scavenging agents that for the most part contain free thiol moieties that facilitate the
removal of these highly reactive damage-causing molecules [1]. The most effective
radioprotective drug developed to date, and the only agent approved by the FDA, for use in
the protection of normal tissues in patients treated with radiation is amifostine (S-2-[3-
aminopropylamino]ethylphosphorothioic acid) [2]. Other nonprotein thiols (NPT) possessing
antioxidative properties that are currently approved for clinical use include: captopril ([S]-1-
[3-mercapto-2-methyl-1-oxo-propyl]- L-proline), mesna (sodium-2-mercaptoethanesulfonate),
and N-acetyl- L-cysteine (NAC).

The development of radioprotective strategies against oxidative damage induced by ionizing
radiation is not limited to just exogenously applied antioxidants such as amifostine. The
inherent radiation resistance of cells can also be augmented by affecting endogenous
intracellular antioxidant enzyme levels. An example of such an enzyme is manganese
superoxide dismutase (MnSOD). This enzyme is a nuclear-encoded mitochondrial enzyme that
scavenges superoxide radicals in the mitochondrial matrix, and has been shown to be highly
protective against radiation-induced reactive oxygen species (ROS) damage that can lead to
cell lethality [3–5]. Mitochondria have been demonstrated to play an important role in the
apoptotic processes induced by ionizing radiation, including the release of cytochrome c and
the activation of caspase 3 that leads to PARP cleavage and subsequent DNA strand breaks
[4,6,7]. Consistent with the role of mitochondrial damage leading to cell death, overexpression
of MnSOD in cells induced by tranfection of an MnSOD transgene gives rise to an enhanced
radioresistance and to an inhibition of radiation-induced apoptosis [8–10]. Furthermore, it has
been demonstrated that localization of superoxide dismutase within the mitochondria is a
requirement for subsequent radioprotection against cellular damage [4].

The generation of highly reactive free radical species by radiation is a very rapid process, with
the preponderance of radiation damage fixation complete by 10−3 s. Most of the exogenous
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antioxidant agents such as amifostine are effective for only a limited period of time ranging
from 15 min to 1 h under in vivo conditions [11]. Therefore, to be effective agents such as
amifostine must be administered shortly before radiation exposure. Administration following
irradiation is ineffective in affording protection against free radical damage [12,13].

Amifostine, as well as NPT in general, can participate in reductive/oxidative reactions that in
turn can affect redox-sensitive cellular processes involving the activation of certain
transcription factors, expression of genes, and activities of proteins [14–18]. In particular,
amifostine, NAC, and oltipraz have each been observed to be effective in activating the redox
sensitive nuclear transcription factor κB (NFκB) and enhancing the expression of the
antioxidant gene MnSOD [14,16,18]. While the MnSOD gene contains binding motifs for a
number of transcription factors including NFκB, activator proteins 1 (AP1) and 2 (AP2),
specificity protein 1 (Sp1), and adenosine 3′,5′-cyclic monophosphate-regulator element-
binding factor (CREB), it is the NFκB transcription factor that has been linked most closely
with the process of inducible as compared to constitutive expression of MnSOD [19–22]. Sp1
is essential for transcription of MnSOD, while AP2 down-regulates transcription via its
interaction with Sp1 [19]. These transcription factors are involved with the constitutive
expression of MnSOD [19,21]. Inhibition of NFκB activation either through the use of
inhibitors such as BAY 11-7082 ([E]3-[(4-methylphenyl)-sulfonyl]-2-propenenitrile), a
propenenitrile compound that inhibits IκB phosphorylation and subsequent NFκB activation,
or through the stable transfection of a mutant IκBα gene in cells prevents both an enhancement
of MnSOD expression and the elevation of MnSOD protein levels following exposure to NPT
[23].

We recently reported that activation of NFκB and subsequent enhancement of MnSOD
expression following exposure of mouse SA-NH tumor cells to WR1065 (SH) (2-
[aminopropylamino]ethane thiol) or other NPT gave rise to over a 15-fold increase in active
intracellular MnSOD protein levels in these cells relative to control levels, peaking at about
24 h after drug exposure [18,23,24]. Since MnSOD has been shown in multiple cell and animal
models to be radioprotective, it was of interest to determine whether enhanced MnSOD levels
induced by NPT exposure in these cells would be sufficient to confer a concomitant enhanced
radiation resistance. When SA-NH tumor cells were irradiated 24 h following a 30-min
exposure to various NPT with radiation doses of 2 and 4 Gy and then assayed for clonogenic
survival, survival increased 20 to 40% over comparably irradiated control cells not exposed to
NPT. This phenomenon was identified as a NPT-induced “delayed radioprotective effect”
mediated by elevated intra-cellular levels of MnSOD [24]. Exposure of cells to inhibitors of
NFκB prevented the elevation of MnSOD levels by NPT along with the subsequent increase
in radiation resistance [23]. Both gene expression and protein levels of MnSOD are routinely
abnormal in malignant cells, with both generally diminishing as cells progress through the
carcinogenic process [25]. For this reason we have expanded our study to include nontumor
endothelial cells from human dermis, i.e., human microvascular endothelial cells (HMEC). A
demonstration of a similar NPT-induced delayed radioprotective effect in these cells will have
important consequences in the development of novel strategies for radioprotection. We
therefore have included in this investigation not only the study of the effects of the free thiol
form of amifostine, i.e., WR1065, on intracellular MnSOD protein level and activity, but also
the determination of possible concomitant effects of WR1065 on both the immediate and
delayed response of HMEC to ionizing radiation. Two different doses of WR1065 are used,
40 μM and 4 mM. These concentrations of WR1065 have been demonstrated to be maximally
effective in protecting against radiation-induced mutagenesis and cell killing, respectively
[13].
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Materials and methods
Cells and culture conditions

Endothelial cells from human dermis immortalized with SV40 (HMEC) were originally
obtained from Dr. T.J. Lawley, Biological Products Branch, Centers for Disease Control,
Atlanta, Georgia [26]. Cells were maintained in endothelial basal medium MCDB131 (Gibco/
BRL, Grand Island, NY) and supplemented with 15% fetal bovine serum (FBS) (Sigma, St.
Louis, MO), 10 ng/ml epidermal growth factor (Collaborative Biochemical Products, Bedford,
MA), 1 μg/ml hydrocortisone (Sigma), penicillin, and streptomycin (Gibco/BRL). HMEC were
subcultured weekly with 0.25% trypsin and 1 mM EDTA (Gibco/BRL) and incubated in a
humidified atmosphere of 5% CO2 and 95% air at 37°C. New cell stocks were used every 3–
6 months. All cell survival experiments were performed with HMEC grown to confluence in
order to reflect the experimental conditions used in the determination of WR1065 effects on
NFκB activation, MnSOD gene expression, and MnSOD protein levels.

WR1065
WR1065, the active thiol metabolite of amifostine also designated as SH, was supplied by the
Drug Synthesis and Chemistry Branch, Division of Cancer Treatment, National Cancer
Institute, Bethesda, Maryland. Immediately prior to use, WR1065 was dissolved at a
concentration of 1 M in phosphate-buffered saline (PBS; 8.1 mM Na2HPO4, 1.5 mM
KH2PO4, 140 mM NaCl; Gibco/BRL). Final concentrations were chosen to reflect the optimum
dose affording either the maximum level of immediate radioprotection (4 mM) or the
prevention of mutation induction (40 μM) [13,27]. It is important to note that while millimolar
levels of WR1065 are not achievable under in vivo conditions, concentrations of 40 μM are
readily detectable in the serum of patients treated with radioprotective doses of amifostine
[28].

Preparation of nuclear extracts
Nuclear extracts were prepared from confluent cultures grown in 150-mm tissue culture dishes.
The experimental groups investigated included both untreated control cells and cells exposed
to either 40 μM or 4 mM WR1065 for 30 min in complete medium. Immediately following
treatment, cells were washed free of drug using PBS and then grown in drug-free medium.
Nuclear protein was isolated either immediately or at times of 30 min or 1, 2, 3, and 4 h after
WR1065 exposure. Cells were washed with 10 ml of ice-cold PBS, scraped from the dish, and
pelleted by centrifugation at 1000 rpm for 5 min at 4°C. Cell pellets were resuspended in 400
μl of ice-cold buffer A (10 mM Hepes, pH 7.9; 10 mM KCl; 0.1 mM EDTA; 1 mM dithiotrethiol
[DTT]; 0.5 mM phenylmethysulfonyl fluoride [PMSF]; 1 μg/ml leupeptin; 5 μg/ml aprotinin)
and allowed to swell on ice for 15 min. Following the addition of 25 μl of 10% NP-40, the
suspension was vortexed for 10 s to lyse the cells and centrifuged at 14,500 rpm for 1 min at
4°C. Nuclei were resuspended in 50 μl of ice-cold buffer B (20 mM Hepes, pH 7.9; 0.4 M
NaCl; 1 mM EDTA; 1 mM DTT; 1 mM PMSF; 25% glycerol; 1 μg/ml leupeptin; 5 μg/ml
aprotinin) and incubated on ice for 15 min. The nuclear suspension was then centrifuged at
14,500 rpm for 5 min at 4°C to pellet the nuclei, and the supernatant containing nuclear proteins
was transferred to a clean tube. Protein concentrations for each sample were determined by the
Bradford method [29] (Bio-Rad, Richmond, CA), and were adjusted to 2 μg/μl by the addition
of buffer B.

Electrophoretic mobility-shift assays (EMSA)
Assays were performed using the Promega (Madison, WI) gel-shift assay system. NFκB (5′-
AGTTGAGGGGACTTTCCCAGGC-3′), AP1 (5′-CGCTTGATGAGTCAGCCGGAA-3′),
AP2 (5′- GATCGAACTGACCGCCCGCGGCCCGT-3′), Sp1 (5′-
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ATTCGATCGGGGCGGGGCGAGC-3′), and CREB (5′-
AGAGATTGCCTGACGTCAGAGAGCTAG-3′) concensus sequence oligonucleotides were
end-labeled with [γ32P]ATP using T4 polynucleotide kinase. Binding reactions contained the
following: 5 μl nuclear extract (10 μg protein), 2 μl distilled deionized water, and 2 μl of 5×
gel shift binding buffer (20% glycerol; 5 mM MgCl2; 2.5 mM DTT; 250 mM NaCl; 50 mM
Tris-HCl, pH 7.5; 0.25 mg/ml poly(dI-dC)•poly(dI-dC). The reactions were incubated at room
temperature for 10 min and then 1 μl (1.75 pmol) of 32P-labeled oligonucleotide was added
and the reactions incubated at room temperature for an additional 20 min. Reactions were
stopped by adding 1 μl of 10× gel loading buffer (250 mM Tris-HCl, pH 7.5; 0.2% bromophenol
blue; 40% glycerol), loaded on an 8% non-denaturing polyacrylamide gel, and electrophoresed
at 5 V/cm for 2 h. The gel was dried and exposed to Kodak BioMax MR film, and binding
activity was quantified by laser densitometry. The same nuclear extracts were used to determine
the activity of each transcription factor.

NFκB inhibitor Helenalin
The NFκB inhibitor Helenalin was used to determine its effect on WR1065’s ability to activate
NFκB, elevate intracellular MnSOD protein levels, and induce a delayed radioprotective effect.
Helenalin (Biomol, Plymouth Meeting, PA) was dissolved in DMSO at a concentration of 1
mM and filter-sterilized. Toxicity was examined by exposing HMEC grown to confluence to
Helenalin at concentrations ranging from 1 to 20 μM for 2.5 h. To assess its effects on WR1065-
induced radioprotection, HMEC were exposed to WR1065 at doses of 40 μM or 4 mM for 30
min or 1 or 5 μM Helenalin for 2 h and then exposed to WR1065 for 30 min at 37°C. Cells
were washed twice with PBS warmed to 37°C and then incubated in drug-free medium.

Protein isolation and Western blot analysis
Protein isolation and Western blot analysis were performed following methods previously
described [24]. Briefly, cell lysates were prepared from HMEC that were grown to confluence
in 100-mm tissue culture dishes. Following isolation and determination of protein
concentrations [24,29], MnSOD protein levels were assessed using the WesternBreeze
chemiluminescent Western blot immunodetection system (Invitrogen, Carlsbad, CA). Twenty
micrograms of total cellular protein was electrophoresed on a 12% SDS polyacrylamide gel
according to the method of Laemmli [30]. Equal protein loading was confirmed by Coomassie
blue R250 staining of gels (data not shown). Proteins were transferred onto polyvinylidene
difluoride (PVD) membranes, blocked in Blocking Solution (Invitrogen) at room temperature
for 1 h, and then incubated with primary antibody (1:1000 dilution of rabbit anti-MnSOD; Cat.
No. 06-984, Upstate Biotechnology, New York) at room temperature for 1 h. The blots were
washed four times with Washing Buffer (Invitrogen), and then they were incubated with goat
anti-rabbit IgG conjugated with alkaline phosphatase (Invitrogen) for 30 min. The blots were
washed four times with Washing Buffer, and the protein bands were visualized using
Chemiluminescent Substrate (Invitrogen) as per instructions. The membrane was exposed to
BioMax XAR film (Kodak, Rochester, NY) and scanned using a HP ScanJet 5300C scanner
(Hewlett-Packard, Palo Alto, CA). Band intensities were analyzed using NIH ImageJ software.

MnSOD activity gel assay
MnSOD activity was measured in the presence of 0.75 mM NaCN by a method based on the
inhibition of reduction of nitroblue tetrazolium (NBT) (Sigma, St. Louis, MO) by SOD as
described elsewhere [31]. HMEC were harvested as described above and sonicated in 50 mM
potassium phosphate buffer (pH 7.8) and a total of 200 μg protein/lane was electrophoresed
into a native polyacrylamide gel consisting of a 5% stacking gel (pH 6.8) and a 12% running
gel (pH 8.8) at 4°C. To visualize MnSOD activity, gels were incubated in 2.43 mM NBT, 0.028
mM riboflavin, and 280 mM N,N,N′,N′-tetramethylethylenediamine (TEMED) (Sigma) in 50
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mM potassium phosphate buffer (pH 7.8) for 20 min in the dark. Gels were then washed in
deionized water and illuminated under fluorescent light until clear zones of MnSOD activity
were evident on a blue background. The bands were visualized and quantified with a
computerized digital imaging system using AlphaImager 2000 software (Alpha Innotech, San
Leandro, CA).

Irradiation conditions and survival assay
All survival assays were performed using HMEC grown to confluence. Cells were irradiated
at room temperature using a Philips X-ray generator operating at 250 kVp and 15 mA at a dose
rate of 1.65 Gy per minute. Radiation doses ranged from 0 to 6 Gy. To assess the “immediate
radioprotective” effectiveness of WR1065, HMEC were exposed to 40 μM or 4 mM doses for
30 min just prior to irradiation. Immediately after exposure to radiation, the cells were washed
free of drug, trypsinized, counted, and plated into fresh growth medium at appropriate numbers
to give rise to about 100 colonies per dish. Five dishes were used per experimental point and
experiments were repeated two to three times. Cells were incubated under standard growth
conditions for 21 days and resultant colonies were stained with 20% crystal violet and colonies
containing 50 or more cells were counted. The same procedure was followed to assess the
delayed radioprotective effects of WR1065 with one difference. Cells were exposed to
WR1065 for 30 min, washed free of the drug, and then incubated in growth medium for 24 h
before being exposed to ionizing radiation. The resulting survival curves were analyzed using
an α/β model and compared using a Z test to determine levels of significant difference. Because
MnSOD has been demonstrated to primarily affect the initial slope of the survival curve [4,9,
23,24], an analysis and comparison of the α parameters of the survival curves were made. To
facilitate a comparison between the various treatment conditions an α-protection enhancement
ratio (αPER), defined as αcontrol/αWR1065, was used. In addition, survival curves were also
analyzed using the multitarget model to determine D0 values representing the reciprocals of
the slopes of the terminal regions of each survival curve using SigmaPlot 8.0 (SPSS, Chicago,
IL) and Microsoft Excel. Comparison of the resulting D0 values was performed using a Z test
to determine levels of significance. Pairwise comparisons of surviving fractions at 2 Gy
between each of the experimental conditions were performed using a two-tailed t test. To assess
the effects of the NFκB inhibitor Helenalin at a concentration of 5 μM on the radiation response
of HMEC irradiated in the presence or absence of WR1065, i.e., 40 μM and 4 mM doses,
pairwise comparisons of surviving fractions at 2 Gy were also performed and levels of
significance determined using a two-tailed t test.

Results
The MnSOD gene contains a number of transcription factor-binding motifs that include those
for AP1, AP2, Sp1, CREB, and NFκB. In our previous reports we focused our attention on
characterizing the ability of NPT to induce NFκB activation [18,23,24]. Presented in Fig. 1 are
representative gel shifts describing the effects of a 30-min exposure of WR1065 at a
concentration of 40 μM on the binding of various transcription factors in HMEC that were
grown to confluence. The relative changes in band density representing the magnitudes of the
various transcription factors binding to their respective motifs as a function of time following
exposure to WR1065 were measured and contrasted to that of untreated control cells.
Consistent with our earlier reports, NFκB activation increased by a robust 20-fold in cells
exposed to WR1065. In contrast, no change was measured for either AP2 or Sp1 and only a
minimal 1.1-fold increase was detected for both AP1 and CREB in these cells.

Tumor necrosis factor-α (TNFα) is a potent inducer of MnSOD expression in cells [18,24]. For
this reason it was included as a positive control with which to contrast the ability of WR1065
to affect this endpoint in HMEC. MnSOD protein levels were measured in HMEC as a function
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of WR1065 and TNFα exposure using Western blot analysis. A representative blot is presented
in Fig. 2. HMEC were exposed to either 40 μM WR1065 or 10 ng/ml TNFα for 18 h, at which
time cell cultures were washed with PBS, covered with fresh medium, and isolated to determine
intracellular MnSOD levels 4, 8, 24, 48, and 72 h later. The corresponding activity gel is
presented in Fig. 3. These data demonstrate that both protein level and enzyme activity are
increased following exposure of HMEC to WR1065 and TNFα, with the TNFα-induced effect
being much more robust. The effects of a 30-min exposure of WR1065 at a concentration of
40 μM on the elevation of intracellular MnSOD protein levels in HMEC as a function of time
were also determined as shown in Fig. 4. Data describing the kinetics of the intracellular
changes in MnSOD protein under each of these conditions are presented for comparison in
Fig. 5. Maximal levels of MnSOD (>10-fold) were detected between 16 and 24 h following
WR1065 exposure and appeared to persist for at least 48 h.

Helenalin is an anti-inflammatory sesquiterpene lactone that can effectively inhibit NFκB
through the selective alkylation of the p65 subunit [32]. We determined the effect of this agent
on WR1065-induced NFκB activation and the subsequent elevation of MnSOD. Presented in
Fig. 6 is a dose response of HMEC survival as a function of Helenalin concentration following
a 2.5-h exposure. Concentrations of 10 and 20 μM were found to be significantly toxic. For
this reason all Helenalin studies related to NFκB and MnSOD in HMEC were limited to
concentrations of 1 or 5 μM.

To assess the inhibitory effects of Helenalin on WR1065-induced activation of NFκB in HMEC
grown to confluence, cells were exposed to either 1 or 5 μM Helenalin for 2 h. In the presence
of Helenalin, 40 μM or 4 mM WR1065 was added and cells were incubated for an additional
30 min and then washed free of drugs and harvested 30 min later to coincide with the optimum
time for NFκB activation by WR1065 as demonstrated in Fig. 1. Presented in Fig. 7 is a
representative gel shift that describes the inhibitory effect of Helenalin on NFκB activation by
WR1065. While both concentrations of Helenalin were found to be effective, the 5 μM
concentration was the more effective. To determine whether the inhibitory effects of Helenalin
on NFκB activation by WR1065 would also inhibit the subsequent elevation of MnSOD,
HMEC exposed to 5 μM Helenalin for 2 h followed by a 30 min exposure to 40 μM WR1065
were harvested 24 h later and extracts were made to assess intracellular protein levels. A
representative Western blot describing relative MnSOD levels following exposure of HMEC
to Helenalin and WR1065 is presented in Fig. 8. Helenalin not only inhibited the activation of
NFκB by WR1065, but also inhibited the subsequent elevation of MnSOD protein.

MnSOD has been described by many investigators as being an effective endogenous
antioxidant enzyme capable of conferring enhanced radiation resistance to cells [4,5,8,10].
Since maximal elevation of MnSOD occurs between 16 and 24 h following exposure of cells
to WR1065, it was of interest to determine whether irradiation of cells at this time would result
in an enhanced cellular resistance to the cytotoxic effects of ionizing radiation. Two
concentrations of WR1065 were chosen for investigation. WR1065 when present during
irradiation at a concentration of 4 mM can significantly protect cells from radiation toxicity
[12,13,27]. This effect is best described as immediate radioprotection and is routinely
demonstrated by administering WR1065 30 min prior to irradiation. The radioprotective effect,
however, diminishes rapidly as the concentration of WR1065 is reduced [12,13,27]. At a
concentration of 40 μM, WR1065 is ineffective for protection against cell killing but is
sufficient for preventing radiation-induced mutagenesis through a distinctly separate
mechanism of action [13]. Presented in Fig. 9 are radiation dose response curves obtained
following the irradiation of HMEC alone or 30 min following the administration of WR1065
to the culture medium. While the radiation survival curves presented in Fig. 9 were fitted using
a linear quadratic model, the survival data were also analyzed using a multitarget model to
determine D0 values (data not shown) [23]. Consistent with previous reports, increased cell
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survival indicating radioprotection was only evident when WR1065 was present at a
concentration of 4 mM [13,27].

To evaluate a potential radioprotective effect induced by WR1065 exposure but mediated by
elevated MnSOD, HMEC were first exposed to WR1065 at either a 40 μM or 4 mM
concentration for 30 min, washed free of drug, and then irradiated 24 h later when MnSOD
levels were elevated over 10-fold. In contrast to the immediate radioprotective effect that was
concentration dependent, the induced delayed radioprotective effect was not dependent upon
the concentration of WR1065 used but rather correlated with the subsequent elevation of
MnSOD (see Fig. 10). Elevation of cellular radiation resistance by MnSOD has historically
been observed as an enhancement of the initial slope or α component of the survival curve
[4,8–10,23]. To facilitate a more quantitative analysis of the protective effects of MnSOD,
protection enhancement ratios (PER), defined by the ratio of the α components of the radiation
survival curves describing the survival responses of control and WR1065 treated HMEC, i.e.,
αC/αWR1065, were determined and are listed in Table 1. Protection factors were also determined
using a multitarget survival curve model, comparing the ratio of terminal slopes of the resultant
survival curves, i.e., ratio of D0’s (see Table 1). At a concentration of 40 μM, WR1065 exhibited
no effect on immediate radioprotection, but had a PER of about 2 for the induced delayed
radioprotective effect. In contrast, WR1065 elicited both an immediate and an induced delayed
protective effect when administered at a concentration of 4 mM. However, if radiation
protection factors were determined not by comparing changes in survival in the lower dose
range as described by the initial slope α, but rather in the more traditional manner by comparing
the D0’s that describe the terminal regions of the survival curves using the multitarget model
of analysis, no change in the D0 and therefore no significant protection factor could be
demonstrated for a delayed effect regardless of the dose of WR1065 used ( P = 0.16). Analysis
of these survival curves using the α/β model, however, showed that both 40 μM WR1065 (α/
β = 2.19 ± 0.87) and 4 mM WR1065 (α/β = 3.24 ± 0.90) induced significant delayed
radioprotection ( P = 0.04 and 0.06, respectively). This is consistent with the hypothesis that
the immediate radioprotective effect is mediated directly by WR1065, while the delayed
radioprotective effect is due to elevated levels of MnSOD. These data were further analyzed
by comparing survival levels at 2 Gy as a function of treatment protocol (see Table 2). Again,
WR1065 induced comparable levels of elevated delayed radiation resistance regardless of the
concentration used, but afforded immediate radioprotection only at a concentration of 4 mM.

Helenalin pretreatment of HMEC prevented WR1065 induction of both NFκB activation and
subsequent elevation of MnSOD protein. To test its potential inhibitory effect of WR1065-
mediated induced delayed radioprotection, HMEC were exposed to 2 Gy of ionizing radiation
24 h following no drug treatment, exposure to 5 μM Helenalin for 2.5 h, exposure to Helenalin
in combination with a 30 min exposure to either 40 μM or 4 mM WR1065 for 30 min, or
exposure only to 40 μM or 4 mM WR1065. Helenalin treatment alone did not alter the radiation
sensitivity of HMEC (P = 0.91), but it completely inhibited the WR1065-induced delayed
radioprotective effect (P = 0.01 and 0.001 for 40 μM or 4 mM WR1065-treated cells,
respectively; P = 0.65 and 0.73 for Helenalin + 40 μM or 4 mM WR1065 treatment,
respectively) (see Fig. 11).

Discussion
In earlier studies we reported that exposure of cells to WR1065 along with a number of other
thiol-containing reducing agents resulted in the activation of NFκB and enhanced expression
of MnSOD [18,23,24,33,34]. Using a supershift assay we demonstrated that WR1065 affected
the p50–p65 heterodimer, but not homodimers or heterodimers containing p52 or c-Rel
subunits of NFκB, and that neither catalase nor pyruvate when added to the culture medium
to minimize hydrogen peroxide production could inhibit NFκB activation [18]. Furthermore,
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while both WR1065 and TNFα exposure led to an enhanced expression of MnSOD, WR1065,
in contrast to TNFα, did not induce the expression of inflammatory genes known to have
NFκB-binding motifs such as intercellular adhesion molecule-1 (ICAM-1) [18,34].

Manganese superoxide dismutase is an antioxidant enzyme that is localized in the
mitochondria. When elevated in cells, it is known to confer among other things an enhanced
resistance against the cytotoxic effects of ionizing radiation [4,8–10,23,24]. The MnSOD gene
contains multiple transcription factor-binding motifs that include sites for AP1, AP2, Sp1,
CREB, and NFκB [19–22]. As shown in Fig. 1, only NFκB appears to be susceptible to
activation following exposure to WR1065, a thiol-containing drug having strong reductive
capabilities. This finding is in agreement with the observations of others who demonstrated a
similar specificity in NFκB activation in both normal and malignant cells following exposure
to thiol-containing drugs such as N-acetyl- L-cysteine, dithiothreitol, 2-mercaptoethanol,
WR1065, and oltipraz [14,16,18]. This is not surprising since NFκB is a well-characterized
redox-sensitive transcription factor whose activation is known to be induced by both oxidative
stress [14–18] and reducing agents that are capable of altering the redox state of the cysteine
62 residue of its p50 subunit [35]. Correlating with NFκB activation is the robust expression
of the MnSOD gene. This has been demonstrated by others as well as our laboratory following
exposure of cells to TNFα (see Figs. 2 and 3). While this gene contains several NFκB-binding
motifs [19–21], it is an intronic NFκB site that has been identified as being most associated
with a stress and/or redox-mediated inducible effect on MnSOD transcription [22].

We previously reported on the time course of changes in MnSOD gene expression in HMEC
exposed to either 40 μM or 4 mM WR1065. Gene expression increased steadily as a function
of time following WR1065 exposure and peaked between 18 and 22 h later [18]. Changes in
MnSOD protein levels following WR1065 exposure reflected a similar pattern regardless of
the mode of exposure used (see Figs. 2–4). If HMEC were exposed to 40 μM WR1065
continuously for 18 h or longer, MnSOD protein levels peaked at 22 h following the initiation
of exposure but remained significantly elevated out to 90 h following the onset of exposure
(Figs. 2 and 5). The activity gel presented in Fig. 3 showing the inhibition of the reduction of
nitroblue tetrazolium by MnSOD demonstrates that this protein was active. A similar kinetic
profile of MnSOD elevation, however, was also observed under conditions where HMEC were
exposed to 40 μM WR1065 for only 30 min, after which time the drug was washed off and the
cells were exposed to fresh medium (see Figs. 4 and 5). MnSOD increased to peak levels
between 16 and 24 h after WR1065 exposure and remained elevated out to 48 h, the last time
point evaluated.

Previous experiments to measure intracellular levels of WR1065 following exposure of cells
in complete medium to micromolar amounts of the protector showed that WR1065 is rapidly
depleted from the medium and concentrated within the cells [27]. When intracellular levels of
drug were measured during incubation for 30 min in medium containing 40 μM WR1065, the
level of WR1065 in the medium fell to less than 3 μM while the intracellular levels rose to 150
μM, indicating that cells can rapidly take up and concentrate WR1065 by about a factor of 50-
fold within a 30-min period. Therefore, while two different modes of exposure were used, the
rapid cellular uptake of WR1065 resulted in essentially similar effective exposures to the cells
and similar kinetics of MnSOD elevation and persistence.

The stimulatory effect of WR1065 on elevation of MnSOD levels in HMEC, while somewhat
similar in magnitude to that observed in mouse SA-NH tumor cells exposed under similar
conditions, differed in that it appeared to be more persistent. Elevated MnSOD levels in SA-
NH tumor cells returned to background levels by 48 h, while the effect remained at robust
levels in HMEC even at time periods of 48 h or longer [23,24]. The prolonged duration of
elevated MnSOD in the nontumor HMEC as compared to murine SA-NH tumor cells may be
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a reflection of the differential status of MnSOD in tumor as compared to normal cells. Cancer
cells are generally lower in MnSOD activity than their normal tissue counterparts [36–38], and
increasing MnSOD activity in transformed cells has been reported to lead to a reversal of the
malignant phenotype [36–39]. This inherent deficiency of MnSOD in cancer as opposed to
noncancer cells might account for the differences observed regarding the persistence of the
effect following exposure of these two types of cells to WR1065.

The relationship(s) among WR1065 exposure, NFκB activation, and elevated MnSOD protein
levels was further investigated using the NFκB inhibitor Helenalin. Preincubation of cells with
5 μM Helenalin was effective in not only inhibiting NFκB activation (see Fig. 7), but also in
inhibiting elevation of MnSOD induced by WR1065 exposure (see Fig. 8).

MnSOD is known to confer radiation resistance to cells when elevated over control levels [4,
5,8,9,38]. Therefore, it is reasonable to expect that cells experiencing increased MnSOD levels
will also exhibit an enhanced radiation-resistant phenotype corresponding to the kinetics and
relative magnitude of MnSOD elevation following exposure to an inducing agent such as the
nonprotein thiol WR1065. Treatment of cells with WR1065 30 min prior to irradiation will
significantly protect against radiation-induced cell killing in a dose-dependent manner, i.e., an
immediate protective effect [1,2,13]. The data presented in Fig. 9 are consistent with these
findings. To assess this immediate or classical radioprotective effect, resultant survival curves
are routinely analyzed using a multitarget model to determine D0 values representing the
reciprocals of the slopes of their terminal regions. A protection factor defined as the ratio of
the D0’s of the radioprotector treated to the radiation only survival curves was determined for
both treatment conditions. Cell survival in HMEC exposed to 4 mM WR1065 was elevated at
all radiation dose points in contrast to the lack of a protective effect observed when the protector
concentration was reduced to 40 μM, resulting in protection factors of 2.05 and 1.02,
respectively.

In contrast, if HMEC were exposed to either dose of WR1065 for 30 min, then washed free of
the protector and irradiated 24 h later corresponding to the time at which thiol-induced MnSOD
levels were maximally elevated (see Figs. 2 and 4), cell survival was significantly enhanced
regardless of the dose of WR1065 used (see Fig. 10). This cytoprotective effect is not due to
WR1065′s ability to directly scavenge free radicals, but rather is a reflection of an induced
delayed protective effect. Since MnSOD has been demonstrated by others to only affect the
initial slope of the resulting survival curve, survival curves were analyzed using a α/β model
in order to quantify changes in the initial slope. α protection factors were determined in this
manner to facilitate comparisons between treatment groups (see Table 1). Alternatively,
radiation protection ratios were also determined for all treatment groups using a multitarget
model to calculate respective D0 values and survival values at a dose of 2 Gy, a radiation dose
routinely used in radiation therapy (see Tables 1 and 2). Both the αPER and 2 Gy survival
endpoint approaches demonstrate a novel WR1065-induced delayed radioprotective effect that
is correlated in time with measurements of elevated MnSOD levels. This relationship is further
strengthened by the demonstration that exposure of HMEC to Helenalin inhibited the ability
of WR1065 exposure to activate NFκB (see Fig. 7), elevate MnSOD (see Fig. 8), and to induce
the delayed radioprotective effect (see Fig. 11).

Qualitative differences in the survival responses of HMEC describing the immediate and
delayed radioprotective effects of WR1065 can be attributed to differences in the intracellular
localization of the responsible protective moieties. Immediate radioprotection of HMEC is the
result of the localization of the free thiol WR1065 within two sensitive subcellular targets for
radiation damage, the mitochondria and the nuclear DNA compartment [40,41]. If exposure
to ionizing radiation occurs at this time, both of these sensitive targets can be protected. Since
the relative effect on cell survival increases as the dose of radiation increases, the immediate
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radioprotective effect exhibited by WR1065 is clearly a dose-modifying effect. In contrast, the
delayed radioprotective effect is the result of the induction of elevated levels of MnSOD by
WR1065 only within the mitochondria of HMEC and it does not increase with increasing dose.
However, the magnitude of the delayed effect is comparable to that of the immediate effect at
low radiation doses in the range of 2 to 4 Gy. It is important to note that 2 Gy is the dose per
fraction used in conventional radiotherapy regimens.

The delayed radioprotective effect induced by WR1065 was first reported in a murine sarcoma
tumor model designated SA-NH [23,24]. The ability of nonprotein thiols such as WR1065 to
induce activation of NFκB and enhance expression of MnSOD was not limited, however, to
just mouse tumors and HMEC but has also been reported for pulmonary adenocarcinoma cells,
human glioma tumor cells, and rat hepatocytes, suggesting that this may be a general
phenomenon [14,16,33,34]. Furthermore, the ability to induce the concomitant delayed
radioprotective effect has been demonstrated for other MnSOD-inducing nonprotein thiols
including N-acetyl- L-cysteine, captopril, and mesna [23], also suggesting that this is a general
property for the NPT class of compounds.

These findings have implications both for patients undergoing radiation therapy and for
radioprotection in general. Amifostine is currently the only radioprotective drug approved by
the FDA for use in the clinical treatment of cancer by radiation therapy [2]. Its indication is
limited for the use of reducing xerostomia in patients undergoing postoperative radiation
treatment for head and neck cancer where the radiation port includes a substantial portion of
the parotid glands. However, patients undergoing radiation therapy may be exposed to other
nonprotein thiols such as captopril, mesna, or NAC. Captopril, for example, is an angiotensin-
converting enzyme inhibitor that is widely used by millions of people in the treatment of
hypertension [42]. Each of these nonprotein thiols can elicit a similar delayed radioprotective
effect 24 h following their use. Since this effect is manifested primarily as an elevated radiation
resistance to radiation doses routinely given in a radiation therapy setting, i.e., 2 Gy per fraction,
the potential exists that patients undergoing a conventional course of radiation therapy may be
compromised. Conversely, the persistent elevation of MnSOD in the normal tissues of
individuals following their ingestion of low nontoxic doses of NPT such as cysteine might
offer a novel approach to elevating their inherent radiation resistance. This would be especially
important for workers in occupations that make them at risk for exposure to radiation sources
such as radiation workers and first responders. Several caveats remain regarding the
translational application of the delayed radioprotection phenomenon to such occupational
populations. It is not at present clear whether a prolonged elevation of MnSOD can be
maintained in normal cells following a chronic exposure to nonprotein thiols, or if such an
elevated state were maintained whether concomitant catalase and/or glutathione peroxidase
activity would be sufficient to prevent the buildup of toxic levels of hydrogen peroxide, a
product of the dismutation of the superoxide radical. Regardless, the ability of nonprotein thiols
represented by WR1065 to activate NFκB and subsequently elevate MnSOD levels in cells 24
h later that leads to a concomitant elevation of radiation resistance, i.e., the delayed
radioprotective effect, is a novel discovery having important implications in the fields of
radiation oncology and radioprotection in general.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Comparative effects of 40 μM WR1065 (SH) on NFκB, AP1, AP2, Sp1, and CREB activation
in HMEC exposed to drug for 30 min. Nuclear protein extracts were prepared immediately
following drug exposure and at 30 min, 1, 2, 3, and 4 h after drug removal. The same nuclear
extract was used to determine the activity of each transcription factor. Presented is a
representative gel from three separate experiments.
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Fig. 2.
Representative Western blot showing the MnSOD protein levels in HMEC exposed to 40 μM
WR1065 (SH) or, for comparative purposes, 10 ng/ml TNFα for 18 h. MnSOD levels were
measured immediately following exposure and at 4, 8, 24, 48, and 72 h after drug removal.
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Fig. 3.
Representative activity gel showing the inhibition of the reduction of nitroblue tetrazolium by
MnSOD. Gels were illuminated under fluorescent light in the presence of NaCN, which inhibits
Cu/ZnSOD activity, until clear zones of active MnSOD were evident on a blue background.
MnSOD activity was measured immediately following exposure to 40 μM WR1065 (SH) or,
for comparative purposes, 10 ng/ml TNFα for 18 h, and at 4, 8, 24, 48, and 72 h after drug
removal.
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Fig. 4.
Representative Western blot showing MnSOD protein levels measured in HMEC following a
30-min exposure to 40 μM WR1065 (SH). MnSOD levels were measured at 4, 8, 16, 20, 24,
28, 32, and 48 h after drug removal.
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Fig. 5.
Kinetics of the changes in MnSOD protein levels after exposure of HMEC to 40 μM WR1065
for 30 min or 18 h. Maximum levels of MnSOD were detected between 16 and 24 h following
drug exposure.
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Fig. 6.
Bar graph depicting the percentage survival of HMEC exposed to Helenalin concentrations
ranging from 1 to 20 μM for 2.5 h. Each bar represents the mean ± SE of three separate
experiments.
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Fig. 7.
Representative gel shift showing the inhibitory effects of Helenalin on WR1065 (SH)-mediated
NFκB activation. HMEC were exposed to 1 or 5 μM Helenalin for 2 h followed by a 30-min
exposure to either 40 μM or 4 mM WR1065 for 30 min. Also included for comparison purposes
are nuclear protein extracts prepared from HMEC 30 min after exposure to 40 μM or 4 mM
WR1065, which represents the maximal time of NFκB activation following drug exposure.
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Fig. 8.
Representative Western blot showing MnSOD protein levels measured in untreated control
HMEC (C), and 24 h after exposure of HMEC to 40 μM WR1065 (WR) for 30 min or a 2 h
exposure to 5 μM Helenalin followed by a 30 min exposure to 40 μM WR1065 (Hel+WR).
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Fig. 9.
Survival of HMEC exposed to 250 kVp X-rays in the absence (open circles) or presence of 40
μM (open triangles) or 4 mM (open squares) WR1065 (SH). WR1065 was added to cells 30
min prior to irradiation and was removed immediately after. Points represent the means ± SE
of three separate experiments.
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Fig. 10.
Survival of HMEC exposed to 250 kVp X-rays 24 h after a 30-min treatment with either 40
μM (open triangles) or 4 mM (open squares) WR1065 (SH) compared with untreated control
cells (open circles). Points represent the means ± SE of three separate experiments.
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Fig. 11.
Bar graph depicting the percentage survival of HMEC exposed to 2 Gy of 250 kVp X-rays 24
h after exposure to 5 μM Helenalin for 2 h followed by a 30-min treatment with either 40 μM
or 4 mM WR1065 contrasted with that of cells irradiated 24 h after WR1065 treatment alone.
HMEC exposed to 2 Gy or irradiated 24 h after exposure to 5 μM Helenalin for 2.5 h are
included for comparison purposes. Each bar represents the mean ± SE of two separate
experiments.
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Table 2
Protection ratios at 2 Gy

Treatment Mean surviving
fractionc ± SE

Protection ratio ± SE P valued

Immediatea 2 Gy 0.37 ± 0.02
40 μM SH-2 Gy 0.40 ± 0.01 1.05 ± 0.22 P > 0.05
4 mM SH-2 Gy 0.67 ± 0.03 1.81 ± 0.40 P < 0.0001

Delayedb 2 Gy 0.30 ± 0.03
40 μM SH-2 Gy 0.43 ± 0.04 1.43 ± 0.77 P = 0.0151
4 mM SH-2 Gy 0.44 ± 0.04 1.47 ± 0.72 P = 0.0044

a
HMEC were treated with WR1065 (SH) for 30 min, irradiated, and plated for survival.

b
HMEC were treated with WR1065 (SH) for 30 min, washed to remove the drug, irradiated 24 h after drug treatment, and plated for survival.

c
Average from three separate experiments.

d
Comparison between cells irradiated with 2 Gy and cells treated with WR1065 (SH) and then irradiated. P values were calculated using a two-tailed t

test.
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