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ABSTRACT: Currently, no drugs are available to protect humans from
y-irradiation-induced death. Because reactive oxygen species are pro-
duced upon exposure to y-irradiation and directly responsible for the
resulting death, we hypothesized that antioxidants found in foodstuffs
may provide a safe and potent means of antioxidant-dependent radio-
protection. Here, we describe our studies investigating the radioprotec-
tive properties of resveratrol and 3,5,4'-tri-O-acetylresveratrol. Each of
these natural antioxidants was found to protect live cells after y-irradia-
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tion. In mice, the use of 3,5,4-tri-O-acetylresveratrol with Cremophor EL
was particularly effective, indicating that this natural antioxidant may be a leading candidate for radioprotective drug development.
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Exposure to ionizing radiation (y-irradiation), either from
radiotherapy or by accidental contact, is deleterious and can
cause severe cellular and organismal damage and even death.
With respect to its medical uses, both normal and diseased cells
are often injured, and many adverse side reactions accompany such
treatments. Furthermore, in the event of a nuclear catastrophe,
because of the long half-life of radioactive reagents, people would
be predictably and continuously exposed to y-irradiation from
environmental samples. For instance, after the Chernobyl power
plant accident on April 26, 1986, high levels of radioactivity were
detected in rain even in remote countries such as ]apan.1 As a
result, a continuous effort has been made to discover radioprotec-
tive agents that could be administered prior to irradiation to limit
injuries caused by ionizing radiation.”

Early studies toward the development of radioprotective
agents relied on the exploration of cysteine® and synthetic thiol
derivatives. Because y-irradiation generates superoxide (O, ),
which is converted to hydroxy (HO") and perhydroxy (HOO")
radicals, researchers speculated that the sulthydryl moiety of
these compounds scavenged free radicals, thus serving as an
antioxidant. One member of this class of radioprotective agents,
amifostine (WR-2721), has been widely studied and was ap-
proved by the FDA to mitigate side effects in patients undergoing
radiotherapy.® However, as observed with other thiol-containing
compounds, amifostine exhibits many toxic side effects including
nausea, vomiting, hypotension, and allergic reactions.’

As an alternative antioxidant-dependent approach, natural
antioxidants and synthetic antioxidants have also been examined
for their radioprotective properties.éf9 Similar to amifostine, these
compounds would presumably scavenge reactive free radicals to
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prevent damage to critical biomacromolecules. For example,
vitamin E'®'" and glutathione'"'* have each demonstrated mod-
erate protection against ionizing radiation in mice; however, the
efficacy of these compounds requires further examination.

Inspired by this natural antioxidant-based approach, we hy-
pothesized that natural polyphenol products, already found in a
variety of foodstuffs, could provide a safe and potent means of
antioxidant-dependent radioprotection, as it is well-documented
that this class of natural products guench reactive oxygen species
(ROS) by a suicidal mechanism."” To examine this concept, we
tested the commercially available polyphenol natural products
resveratrol, (—)-catechin gallate, and propyl gallate (Figure 1) in
vitro. Although none of these compounds mitigated y-irradia-
tion-induced cell death (data not shown), resveratrol showed
promising protective activities (Table 1 and Figure 2). Specifi-
cally, when 32D cl 3 cells were pretreated with 10 1M resveratrol,
increased cell survival was observed 7 days after irradiation from
0to 7 Gy.

Resveratrol is found naturally in grapes, nuts, fruits, and red
wine and is one of the most intensively studied natural products
today due to its cancer preventive activity' * and potential lifespan-
extending properties,'>'® among others.'” " In spite of the great
therapeutic interest in resveratrol, its pharmacokinetic and bio-
availability properties are known to be poor, and it has a short half-
life (~8—14 min) and is metabolized extensively’.zz’23 As a result,
accurate dosage of this compound is difficult, diminishing its
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Figure 1. Structures of antioxidant natural products used in this study.
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R = H: resveratrol
R = Ac: 3,5,4'-tri-O-acetylresveratrol

Table 1. Cells Incubated with Resveratrol or Acetylated
Resveratrol Have Increased Radioresistance as Seen by an
Increased Shoulder on the Survival Curve (11)*

compound concentration (uM) n

control (DMSO) 36+t14
resveratrol 1 12+0.1
N 1L.1£0.1

10 332 £5.7 (p=0.0122)
3,5,4' -tri-O-acetylresveratrol 1 1.3+£03
S 1.1+£0.1

10 57.5 £9.9 (p=0.0072)

“ Analysis of dose and 7 demonstrates that incubation of 32D I 3 cells
with resveratrol or acetylated resveratrol (10 #M) before irradiation
results in increased radioresistance. 7 is a measurement of the shoulder
on the irradiation survival curves. Those with a larger # have a larger
shoulder (Figure 2) and thus are more resistant to irradiation.

likelihood of being considered as a radioprotective drug. Excited
by our findings, however, we were intrigued by the possibility of using
the resveratrol analogue and natural product, 3,5,4'-tri-O-acetyl-
resveratrol,”* which may act as a more stable resveratrol prodrug,
Additionally, because of the widespread interest in resveratrol, this
analogue could provide insight beyond that of its radioprotective
properties alone. 3,5,4'-Tri-O-acetylresveratrol was prepared ac-
cording to literature procedure,” and its activity was examined in
the in vitro irradiation assay. As Table 1 and Figure 2 show, 3,5,4'-
tri-O-acetylresveratrol was slightly more potent than resveratrol.
To further test our hypothesis, we next examined the potential
applicability of resveratrol and its triacetate analogue in an animal
model involving y-irradiated mice. Briefly, each natural anti-
oxidant in 1:1:8 (v/v/v) EtOH/Cremophor ELY/ H,0 was
intraperitoneally injected into mice (n = 13 or 14 for each dose),
which were subsequently exposed to y-irradiation (9.75 Gy) for
10 min before or after the injection (Figure 3). When 3,5,4'-tri-O-
acetylresveratrol was given at 10 mg/kg prior to y-irradiation, a
significant protective activity was noted with an 80% survival rate
(p = 0.0089 as compared to 9.75 Gy only, Figure 3a). Use of a
lower dose of 3,5,4'-tri-O-acetylresveratrol (1 mg/kg) or either
dose (1 or 10 mg/kg) of resveratrol showed no change in survival
as compared to the control group that received no antioxidant
treatment. These findings can be corroborated with reports from
other studies exploring the possibility of using resveratrol as a
radioprotective agent for the chemoprevention of skin cancer
and damage and a protector against radiotherapy injuries.”® Simi-
lar to our in vitro study results, neither compound, when used after
irradiation, mitigated irradiation-induced death (Figure 3b). It can
be speculated that the diminished activity of resveratrol may be due
to the poor bioavailability of resveratrol or metabolism of its hydroxy
groups.””*® Thus, our findings give credence to our hypothesis of
potentially using 3,5,4'-tri-O-acetylresveratrol as a potent resveratrol
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Figure 2. Irradiation survival curve for 32D cl 3 cells incubated with
10 uM resveratrol or 3,5,4'-tri-O-acetylresveratrol prior to irradiation.
The data were analyzed using linear quadratic or single-hit, multitarget
models.?® Incubation in either resveratrol or 3,5,4'-tri-O-acetylresvera-
trol resulted in an increase in radioresistance as seen by an increased
shoulder on the survival curve.

prodrug in vivo. In addition to this study, 3,5,4'-tri-O-acetylresver-
atrol has been shown to be slightly more potent than resveratrol in
vitro by others.*" However, our data presented here show the clear
superiority of 3,5,4'-tri-O-acetylresveratrol over resveratrol in vivo.
These data are encouraging not only for antiradiation therapy but
also for other areas of research because despite promising in vitro
data with resveratrol, this compound has not shown equally
compelling data in vivo.*>

Why is 3,5,4'-tri-O-acetylresveratrol superior to resveratrol in
vivo? To gain insight into this question, we examined the stability
of 3,5,4’-tri-O-acetylresveratrol and resveratrol in mouse serum.
Resveratrol was stable in mouse serum for more than 27 h (data
not shown). Next, a solution of 3,5,4'-tri-O-acetylresveratrol in
DMSO was added to mouse serum. In this case, the compound
was completely hydrolyzed to resveratrol within 20 s (data not
shown). In contrast, when a solution of 3,5,4’ -tri-O-acetylresveratrol
in the vehicle used in the animal study (1:1:8 mixture of EtOH/
Cremophor EL/H,0) was added to mouse serum, the halflife of
the compound was 48 min (Figure 4), a dramatic improve-
ment as compared to the solution in DMSO. From these results,
it is plausible, although further pharmacokinetic studies are
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Figure 3. Acetylated resveratrol protects against total body irradiation
in vivo. Resveratrol and 3,5,4-tri-O-acetylresveratrol were dissolved in a
1:1:8 v/v solution of EtOH/Cremophor EL/H,0. (a) C57BL/6NHsd
mice (1= 13 or 14 for each dose) were injected intraperitoneally 10 min
before 9.75 Gy total body irradiation with 1 or 10 mg/kg of resveratrol or
3,5,4/-tri-O-acetylresveratrol. Mice injected with 10 mg of 3,5,4'-tri-O-
acetylresveratrol had a significant increase in survival as compared to the
control 9.75 Gy mice. (b) In a separate experiment, CS7BL/6NHsd
mice were irradiated to 9.75 Gy and injected intraperitoneally 10 min
after irradiation and daily for 4 days with resveratrol or 3,5,4'-tri-O-
acetylresveratrol. There was no significant difference in the survival of
the mice.

needed in vivo, that the vehicle protects 3,5,4'-tri-O-acetylresver-
atrol from the ester hydrolysis that would result in metabolically
unstable resveratrol. The longer half-life of 3,5,4'-tri-O-acetylres-
veratrol may also assist more rapid distribution to tissues.
Regarding the mechanism of action, if resveratrol or its triace-
tate were acting merely as free radical scavengers, the other poly-
phenols tested would have also protected irradiated cells. As this
did not prove to be the case, it is possible that only the resveratrol
type polyphenols were able to localize to free radical-rich intra-
cellular domains, which would be necessary to kinetically compete
with free radical-mediated cellular damages.*” With the available
data, however, we cannot exclude other possible mechanisms
such as the inactivation of COX-1*" and the perturbation of gene
expression’> as part of resveratrol's antiradiation mode of action.
Recently, studies with the peptide drug CBLB502, a Toll-like
receptor S agonist derived from Salmonella flagellin, provided
perhaps the most promising in vivo radioprotetction data to
date** A single dose of CBLBS02 (0.2 mg/kg) prior to irradia-
tion (13 Gy) was enough to rescue 87% of mice from radiation-
induced death. Radioprotective activity was also noted in lethally
irradiated rhesus monkeys. Because of the potential efficacy of
this peptide, the FDA is currently examining the use of CBLB502
in the treatment of acute radiation syndrome. Despite these posi-
tive results, as the mechanism of action for this drug involves ap-
optotic suppression, use of a CBLB502-based therapy in cancer
patients receiving radiotherapy is risky. In addition, large-scale
production of biological therapeutic agents such as CBLB502 is
difficult and not suited for emergencies. Because of the potential
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Figure 4. Hydrolysis of 3,5,4'-tri-O-acetylresveratrol in mouse serum at
37 °C. Rhodamine B was used as an external standard. The concentra-
tions of these compounds were measured by HPLC analysis. Each data
point represents the mean value + standard deviation of two indepen-
dent experiments.

mass administration problems and risky side effects of this pep-
tide drug, the use of 3,5,4'-tri-O-acetylresveratrol may provide a
valuable alternative, as it is a small-molecule drug that can be
easily prepared in one step from resveratrol, it has the potential
for mass oral delivery, and to date, it has shown very few, if
any, detrimental side effects. Furthermore, this study implies that
3,5,4-tri-O-acetylresveratrol may be used as a radioprotector in
radiation therapy for cancer patients,> although this optimism
might not be supported unless this compound is shown to selec-
tively protect normal tissues.

In summary, we have discovered the potential of 3,5,4'-tri-O-
acetylresveratrol as a promising lead to act as a potent radio-
protective agent in mice. Although the activities of this compound
and resveratrol were similar in vitro, they were quite distinct
in vivo. Further studies suggested that the better protective acti-
vity of 3,5,4'-tri-O-acetylresveratrol in vivo might be related to
the significantly improved stability of the ester groups in blood
against hydrolysis when it was bound to Cremophor EL. Con-
sidering intensive studies associated with resveratrol, the use of
Cremophor EL and 3,5,4'-tri-O-acetylresveratrol might have
broader implications in other areas besides radiation biology.
Further studies should reveal important properties of this com-
pound (pharmacokinetics, ADME, plasma stability, etc.) neces-
sary for establishing its applicability in human trials for both
radiotherapy patients and as a protector against acute radiation

syndrome.

B EXPERIMENTAL PROCEDURES

(—)-Catechin gallate was purchased from Sigma-Aldrich (catalog
number C0692) and used without further purification. Propyl gallate
was purchased from Fisher (catalog number AC13158-1000) and used
without purification. Resveratrol was purchased from Fisher (catalog
number NC9382296) and used without further purification. 3,5,4'-Tri-
O-acetylresveratrol was synthesized according to the literature™ and
used after recrystallization (purity >97% as determined by 'H NMR
analysis).

Cells (the number of cells per plate: S00 for 0—3 Gy, 1000 for 4—6
Gy, and 5000 for 7—8 Gy) from the murine hematopoietic progenitor
cell line 32D cl 3 were incubated in the presence of 1, S, or 10 uM
resveratrol or 3,5,4'-tri-O-acetylresveratrol in Dulbecco's modified
Eagle's medium (DMEM) for 1 h at 37 °C. The cells were irradiated
using a JL Shepherd Mark I-68 cesium irradiator at a dose rate of 75 cGy/
min to doses ranging from 0 to 8 Gy. The irradiated cells were plated in
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2.2% methylcellulose in DMEM containing 15% WEHI-conditioned
media as a source of interleukin 3, 30% fetal bovine serum, 1% deionized
bovine serum albumin, 0.1% mercaptoethanol, and 0.07% NaHCOj in
35 mm plates as previously described.***” The cells were incubated in a
humidified chamber with 5% CO, at 37 °C for 7 days, at which time
colonies of greater than S0 cells were counted by using a microscope.
This experiment was performed in triplicate, and the mean values and
standard deviation are shown in Figure 2. The data were analyzed using
linear quadratic and single-hit, multitarget models using the Fit version
2.5 computer program.26

Resveratrol or 3,5,4'-tri-O-acetylresveratrol was dissolved in 100%
ethanol and diluted 1:1 (v/v) with Cremophor EL and then diluted in
water to give a 1:1:8 (v/v/v) mixture of EtOH/Cremophor EL/H,O.
Thirteen or fourteen C57BL/6NHsd female mice of 6—8 weeks of age
were injected intraperitoneally with resveratrol or 3,5,4'-tri-O-acetylres-
veratrol at 1 or 10 mg/kg 10 min before irradiation (Figure 3a). In a
separate experiment, 13 or 14 CS7BL/6NHsd mice were irradiated to
9.75 Gy and injected intraperitoneally 10 min after irradiation and daily
for 4 days with resveratrol or 3,5,4’-tri-O-acetylresveratrol at 25 mg/kg.
The mice were irradiated in a JL Shepherd Mark I-68 cesium irradiator at
a dose rate of 75 ¢cGy per min to a dose of 9.75 Gy and monitored for the
development of the hematopoietic syndrome at which time the mice
were sacrificed. The data were analyzed using a log rank test (GraphPad
Prism $ Statistical Package).

Stock solutions of resveratrol in DMSO (5 mM), 3,5,4’-tri-O-ace-
tylresveratrol in DMSO (S mM) and 3,5,4’-tri-O-acetylresveratrol in a
1:1:8 (v/v/v) mixture of EtOH/Cremophor EL/H,0 (5 mM) were
stored in a —20 °C freezer until further usage. The solution of the test
compound (40 uL) was added to a glass vial containing mouse serum
(1.96 mL), resulting in a final concentration of 100 #M of the test
compound. This mixture was vortexed for 30 s and then immersed in a
37 °C water bath. For each time point, an aliquot (100 #L) of each serum
sample was mixed with cold MeCN (100 #«L) and centrifuged at 13000
rpm for 10 min at 23 °C. The supernatant was collected, and to it was
added an additional cold MeCN (100 uL). The resulting mixture was
centrifuged at 13000 rpm for 10 min at 23 °C. Subsequently, the super-
natant (100 #L) was transferred to a glass vial, and a DMSO solution of
rhodamine B was added to it (the final concentration of rhodamine B
was 300 «M).*® The final mixture was passed through a 0.22 um filter,
and the filtered solution was used for HPLC analysis. For time point
0 min, water was used instead of mouse serum.

Aliquots (10 uL each) of serum extracts were injected directly into the
HPLC system equipped with a photodiode array detector. HPLC moni-
toring was performed on a Zorbax XDB-C,g column, 4.6 mm X 7.5 cm,
1.0 mL/min, 10% MeCN (containing 1% HCO,H) in H,O (containing
1% HCO,H) to 100% MeCN (containing 1% HCO,H) linear gradient
elution from 0.5 to 1S min, followed by 100% MeCN (containing 1%
HCO,H) from 15 to 18 min, monitored at 309 nm. For the quantitative
analysis of resveratrol and 3,5,4'-tri-O-acetylresveratrol, the resulting
HPLC data were normalized by dividing the ratios of resveratrol or
3,5,4'-tri-O-acetylresveratrol /rhodamine B by the ratio of the first data
point. The retention times of resveratrol, rhodamine, and 3,5,4’-tri-O-
acetylresveratrol were 5.2, 8, and 9.5 min, respectively. The data were
analyzed by using a one-phase exponential decay (GraphPad Prism S.0a
Statistical Package). The experiment was performed in duplicate. The
mean values and the standard deviation are shown in Figure 4.

Bl AUTHOR INFORMATION

Corresponding Author
*E-mail: koide@pitt.edu (K.K.) and epperly@pitt.edu (M.W.E.).

Funding Sources
This work was supported by the National Institutes of Health Grant
(U19 AI068021).

B REFERENCES

(1) Aoyama, M; Hirose, K; Sugimura, Y. Deposition of gamma-
emitting nuclides in Japan after the reactor-IV accident in Chernobyl.
J. Radioanal. Nucl. Chem. 1987, 116, 291-306.

(2) Weiss, J. F.; Landauer, M. R. History and development of
radiation-protective agents. Int. J. Radiat. Biol. 2009, 85, 539-573.

(3) Patt, H. M,; Tyree, E. B; Straube, R. L.; Smith, D. E. Cysteine
protection against X irradiation. Science 1949, 110, 213-214.

(4) Droge, W. Free radicals in the physiological control of cell
function. Physiol. Rev. 2002, 82, 47-95.

(S) Arora, R; Gupta, D.; Chawla, R;; Sagar, R.; Sharma, A; Kumar, R;;
Prasad, J.; Singh, S.; Samanta, N.; Sharma, R. K. Radioprotection by plant
products: Present status and future prospects. Phytother. Res. 2008, 19, 1-22.

(6) Hosseinimehr, S. J.; Tavakoli, H.; Pourheidari, G.; Sobhani, A.;
Shafiee, A. Radioprotective effects of citrus extract against gamma-irra-
diation in mouse bone marrow cells. J. Radiat. Res. 2003, 44, 237-241.

(7) Song, L. H,; Yan, H. L,; Cai, D. L. Protective effects of soybean
isoflavone against gamma-irradiation induced damages in mice. J. Radiat.
Res. 2006, 47, 157-16S.

(8) Jankovic, T.; Savikin, K.; Menkovic, N.; Aljancic, I; Leskovac, A.;
Petrovic, S.; Joksic, G. Radioprotective effects of Gentianella austriaca
fractions and polyphenolic constituents in human lymphocytes. Planta
Med. 2008, 74, 736-740.

(9) Fink, M. P.; Macias, C. A; Xiao, J.; Tyurina, Y. Y.; Jiang, J;
Belikova, N.; Delude, R. L.; Greenberger, J. S.; Kagan, V. E,; Wipf, P.
Hemigramicidin-TEMPO  conjugates: Novel mitochondria-targeted
anti-oxidants. Biochem. Pharmacol. 2007, 74, 801-809.

(10) Lawenda, B. D.; Smith, D. E.; Xu, L.; Niemierko, A.; Silverstein,
J. R.; Boucher, Y.; Kashiwagi, S.; Held, K. D; Jain, R. K; Loeffler, J. S ;
Eisenberg, D. M.; Blumberg, J. B. Do the dietary supplements epigallo-
catechin gallate or vitamin E cause a radiomodifying response on tumors
in vivo? A pilot study with murine breast carcinoma. J. Soc. Integr. Oncol.
2007, 5, 11-17.

(11) Shaheen, A. A;; Hassan, S., M,. Radioprotection of whole-body
gamma-irradiation-induced alteration in some haematological param-
eters by cysteine, vitamin E and their combination in rats. Strahlenther.
Onkol. 1991, 167, 498-501.

(12) Mazur, L. Radioprotective effects of the thiols GSH and WR-
2721 against X-ray-induction of micronuclei in erythroblasts. Mutat. Res,,
Genet. Toxicol. Environ. Mutagen. 2000, 468, 27-33.

(13) Valcic, S.; Burr, J. A;; Timmermann, B. N.; Liebler, D. C.
Antioxidant chemistry of green tea catechins. New oxidation products of
(—)-epigallocatechin gallate and (—)-epigallocatechin from their reac-
tions with peroxyl radicals. Chem. Res. Toxicol. 2000, 13, 801-810.

(14) Jang, M. S; Cai, E. N; Udeani, G. O.; Slowing, K. V.; Thomas,
C. E,; Beecher, C. W. W,; Fong, H. H. S.; Farnsworth, N. R;; Kinghorn,
A. D.; Mehta, R. G.; Moon, R. C.; Pezzuto, J. M. Cancer chemopreven-
tive activity of resveratrol, a natural product derived from grapes. Science
1997, 275, 218-220.

(15) Baur, J. A; Pearson, K. J.; Price, N. L.; Jamieson, H. A.; Lerin,
C.; Kalra, A,; Prabhu, V. V; Allard, J. S.; Lopez-Lluch, G.; Lewis, K;
Pistell, P. ].; Poosala, S.; Becker, K. G.; Boss, O.; Gwinn, D.; Wang, M. Y,;
Ramaswamy, S.; Fishbein, K. W.; Spencer, R. G; Lakatta, E. G.; Le
Couteur, D.; Shaw, R. J; Navas, P.; Puigserver, P.; Ingram, D. K; de
Cabo, R;; Sinclair, D. A. Resveratrol improves health and survival of mice
on a high-calorie diet. Nature 2006, 444, 337-342.

(16) Pearson, K. J.; Baur, J. A.; Lewis, K. N.; Peshkin, L.; Price, N. L.;
Labinskyy, N.; Swindell, W. R.; Kamara, D.; Minor, R. K; Perez, E.;
Jamieson, H. A; Zhang, Y.; Dunn, S. R; Sharma, K; Pleshko, N,;
Woollett, L. A,; Csiszar, A.; Ikeno, Y.; Le Couteur, D.; Elliott, P. J;
Becker, K. G.; Navas, P.; Ingram, D. K.; Wolf, N. S.; Ungvari, Z.; Sinclair,
D. A; de Cabo, R. Resveratrol delays age-related deterioration and
mimics transcriptional aspects of dietary restriction without extending
life span. Cell Metab. 2008, 8, 157-168.

(17) Afaq, F.; Adhami, V. M.; Ahmad, N. Prevention of short-term
ultraviolet B radiation-mediated damages by resveratrol in SKH-1 hair-
less mice. Toxicol. Appl. Pharmacol. 2003, 186, 28-37.

273 dx.doi.org/10.1021/ml100159p |ACS Med. Chem. Lett. 2011, 2, 270-274



ACS Medicinal Chemistry Letters

(18) Ungvari, Z.; Orosz, Z.; Rivera, A.; Labinskyy, N.; Zhao, X. M;
Olson, S.; Podlutsky, A.; Csiszar, A. Resveratrol increases vascular
oxidative stress resistance. Am. J. Physiol. Heart Circ. Physiol. 2007,
292, H2417-H2424.

(19) Lagouge, M,; Argmann, C.; Gerhart-Hines, Z.; Meziane, H,;
Lerin, C.; Daussin, F.; Messadeq, N.; Milne, J.; Lambert, P.; Elliott, P.;
Geny, B.; Laakso, M.; Puigserver, P.; Auwerx, J. Resveratrol improves
mitochondrial function and protects against metabolic disease by
activating SIRT1 and PGC-1 alpha. Cell 2006, 127, 1109-1122.

(20) Murias, M.; Handler, N.; Erker, T.; Pleban, K; Ecker, G.; Saiko,
P.; Szekeres, T.; Jager, W. Resveratrol analogues as selective cyclo-
oxygenase-2 inhibitors: synthesis and structure-activity relationship.
Bioorg. Med. Chem. 2004, 12, 5571-5578.

(21) Szewczuk, L. M.; Forti, L.; Stivala, L. A; Penning, T. M.
Resveratrol is a peroxidase-mediated inactivator of COX-1 but not
COX-2 - A mechanistic approach to the design of COX-1 selective
agents. J. Biol. Chem. 2004, 279, 22727-22737.

(22) Yu, C.; Shin, Y. G.; Chow, A.; Li, Y.; Kosmeder, J. W.; Lee, Y. S.;
Hirschelman, W. H.; Pezzuto, J. M.; Mehta, R. G.; van Breemen, R. B.
Human, rat, and mouse metabolism of resveratrol. Pharm. Res. 2002, 19,
1907-1914.

(23) Walle, T.; Hsieh, F.; DeLegge, M. H.; Oatis, J. E.; Walle, U. K.
High absorption but very low bioavailability of oral resveratrol in
humans. Drug Metab. Dispos. 2004, 32, 1377-1382.

(24) Jayatilake, G. S.; Baker, B. J.; McClintock, J. B. Isolation and
identification of a stilbene derivative from the Antarctic sponge Kirkpa-
trickia variolosa. J. Nat. Prod. 1995, 58, 1958-1960.

(25) Dobrydneva, Y.; Williams, R. L.; Morris, G. Z.; Blackmore, P. F.
Dietary phytoestrogens and their synthetic structural analogues as
calcium channel blockers in human platelets. J. Cardiovasc. Pharmacol.
2002, 40, 399-410.

(26) Albright, N. Computer programs for the analysis of cellular
survival data. Radiat. Res. 1987, 112, 331-340.

(27) Gelderblom, H.; Verweij, J.; Nooter, K; Sparreboom, A.
Cremophor EL: The drawbacks and advantages of vehicle selection
for drug formulation. Eur. J. Cancer 2001, 37, 1590-1598.

(28) Carsten, R. E,; Bachand, A. M.; Bailey, S. M.; Ullrich, R. L.
Resveratrol reduces radiation-induced chromosome aberration frequen-
cies in mouse bone marrow cells. Radiat. Res. 2008, 169, 633-638.

(29) Vitaglione, P.; Sforza, S.; Galaverna, G.; Ghidini, C.; Caporaso,
N,; Vescovi, P. P.; Fogliano, V.; Marchelli, R. Bioavailability of trans-
resveratrol from red wine in humans. Mol. Nutr. Food Res. 2005, 49,
495-504.

(30) Baur, J. A;; Sinclair, D. A. Therapeutic potential of resveratrol:
the in vivo evidence. Nat. Rev. Drug Discovery 2006, 5, 493-506.

(31) Fragopoulou, E.; Nomikos, T.; Karantonis, H. C.; Apostolakis,
C.; Pliakis, E.; Samiotaki, M.; Panayotou, G.; Antonopoulou, S. Biolog-
ical activity of acetylated phenolic compounds. J. Agric. Food Chem.
2007, 55, 80-89.

(32) Winterbourn, C. C. Reconciling the chemistry and biology of
reactive oxygen species. Nat. Chem. Biol. 2008, 4, 278-286.

(33) Ivanov, V. N,; Partridge, M. A.; Johnson, G. E.; Huang, S. X. L.;
Zhou, H. N.; Hei, T. K. Resveratrol sensitizes melanomas to TRAIL
through modulation of antiapoptotic gene expression. Exp. Cell Res.
2008, 314, 1163-1176.

(34) Burdelya, L. G.; Krivokrysenko, V. L; Tallant, T. C.; Strom, E.;
Gleiberman, A. S.; Gupta, D.; Kurnasov, O. V,; Fort, F. L.; Osterman,
A. L.; DiDonato, J. A,; Feinstein, E.; Gudkov, A. V. An agonist of Toll-
like receptor 5 has radioprotective activity in mouse and primate models.
Science 2008, 320, 226-230.

(35) Citrin, D.; Cotrim, A. P.; Hyodo, F.; Baum, B. J.; Krishna, M. C.;
Mitchell, J. B. Radioprotectors and mitigators of radiation-induced
normal tissue injury. Oncologist 2010, 15, 360-371.

(36) Epperly, M. W.; Gretton, J. A.; DeFilippi, S. J; Sikora, C. A;
Liggitt, D.; Koe, G.; Greenberger, J. S. Modulation of radiation-induced
cytokine elevation associated with esophagitis and esophageal stricture
by manganese superoxide dismutase-plasmid/liposome (SOD2-PL)
gene therapy. Radiat. Res. 2001, 155, 2-14.

274

(37) Epperly, M. W.; Gretton, J. E.; Sikora, C. A.; Jefferson, M,;
Bernarding, M.; Nie, S.; Greenberger, J. S. Mitochondrial localization of
superoxide dismutase is required for decreasing radiation-induced
cellular damage. Radiat. Res. 2003, 160, S68-578.

(38) Albert, B. J.; McPherson, P. A; O’Brien, K; Czaicki, N. L;
DeStefino, V.; Osman, S.; Li, M. S.; Day, B. W.; Grabowski, P. J.; Moore,
M. J,; Vogt, A,; Koide, K. Meayamycin inhibits pre-messenger RNA
splicing and exhibits picomolar activity against multidrug-resistant cells.
Mol. Cancer Ther. 2009, 8, 2308-2318.

dx.doi.org/10.1021/ml100159p |ACS Med. Chem. Lett. 2011, 2, 270-274



