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Secoisolariciresinol diglucoside (SDG) is the major lignan
in wholegrain flaxseed. However, extraction methods are
complex and are associated with low yield and high costs.
Using a novel synthetic pathway, our group succeeded in
chemically synthesizing SDG (S,S and R,R enantiomers),
which faithfully recapitulates the properties of their natural
counterparts, possessing strong antioxidant and free radical
scavenging properties. This study further extends initial
findings by now investigating the DNA-radioprotective
properties of the synthetic SDG enantiomers compared to
the commercial SDG. DNA radioprotection was assessed by
cell-free systems such as: (a) plasmid relaxation assay to
determine the extent of the supercoiled (SC) converted to
open-circular (OC) plasmid DNA (pBR322) after exposure of
the plasmid to gamma radiation; and (b) determining the
extent of genomic DNA fragmentation. Exposure of plasmid
DNA to 25 Gy of y radiation resulted in decreased supercoiled
form and increased open-circular form, indicating radiation-
induced DNA damage. Synthetic SDG (S,S) and SDG (R,R),
and commercial SDG at concentrations of 25-250 pM
significantly and equipotently reduced the radiation-induced
supercoiled to open-circular plasmid DNA in a dose-
dependent conversion. In addition, exposure of calf thymus
DNA to 50 Gy of gamma radiation resulted in DNA
fragments of low-molecular weight (<6,000 bps), which was
prevented in a dose-dependence manner by all synthetic and
natural SDG enantomers, at concentrations as low as 0.5 pM.
These novel results demonstrated that synthetic SDG (S,S)
and SDG (R,R) isomers and commercial SDG possess DNA-
radioprotective properties. Such properties along with their
antioxidant and free radical scavenging activity, reported
earlier, suggest that SDGs are promising candidates for
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radioprotection for normal tissue damage as a result of
accidental exposure during radiation therapy for cancer
treatment. © 2014 by Radiation Research Society

INTRODUCTION

In radioactive decay, three types of radiations can be
produced: alpha particles (o, positive charge); beta particles
(B, negative charge); and gamma rays (y, no charge) (/).
Gamma radiation has a very small wavelength (<0.005 nm)
and therefore has high energy, which is capable of ionizing
molecules and atoms. In biological systems or in solution,
ionizing radiation generates hydroxyl radicals ("OH) by water
radiolysis (2, 3). These hydroxyl radicals (OH) are the
predominant source of ionizing radiation-induced damage to
cellular components including lipids, proteins and genomic
DNA. The hydroxyl radicals ("OH) produced by gamma
radiation result in single-strand and double-strand breaks in
DNA. The hydroxyl radicals (‘OH) damage DNA by
abstracting H-atoms from the deoxyribose, purine and
pyrimidine bases or by adding to the double bonds of the
bases (4), these reactions result in DNA strand breaks (5).

Compounds with antioxidant and free radical scavenging
properties could potentially function as radioprotectors and
prevent radiation-induced DNA damage. In view of these
needs, we have synthesized enantiomers of secoisolaricir-
esinol diglucoside (SDG), which is the major lignan
phenolic in flaxseed (6). Due to complex extraction,
purification and enrichment methods to isolate SDG from
natural resources (7, 8), plus the associated high costs,
variability and difficulty of producing large quantities of
SDG for preclinical and clinical testing, we decided to
chemically synthesize SDG (9). Using the natural com-
pounds vanillin and glucose, we successfully synthesized
two enantiomers of SDG, SDG (S,S) and SDG (R,R), which
we have shown to possess potent antioxidant properties.

Our group and other investigators have shown in many
studies that SDG is a potent antioxidant agent and a potent
free radical scavenger (/0-13). Importantly, in a recent
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study, we showed that the synthetic SDG enantiomers
(synthesized by our group) also possess strong antioxidant
and free radical scavenging characteristics (/4). In the study
presented here we evaluated the radioprotective properties
of the synthesized SDG enantiomers SDG (S,S) and SDG
(R,R) versus commercial SDG. The radioprotective charac-
teristics of the three compounds were assessed using the
plasmid DNA relaxation assay by determining the ability of
the SDGs to prevent the supercoil (SC) to open-circle (OC)
plasmid DNA conversion after exposure of the plasmid to
gamma radiation as well as by evaluating inhibition of
genomic DNA fragmentation after exposure of DNA to
gamma radiation. SDG is metabolized by intestinal bacteria
to produce secoisolariciresinol (SECO), enterodiol (ED) and
enterolactone (EL) (/5). Therefore, we also evaluated the
effect of these metabolites of SDG on gamma radiation-
induced fragmentation of genomic DNA.

MATERIAL AND METHODS

Chemicals

Plasmid DNA (pBR322), ethidium bromide, UltraPure™ 10X TAE
buffer and 1 kb plus DNA ladder were purchased from Invitrogen
(Life Technologies, Carlsbad, CA). Agarose (UltraPure) and calf
thymus DNA were purchased from Sigma-Aldrich (St. Louis, MO).
Secoisolariciresinol diglucoside (commercial), Secoisolariciresinol
(SECO), enterodiol (ED) and enterolactone (EL) were purchased
from Chromadex (Irvine, CA). Adjusted purities for SDG, SECO, ED
and EL were 97.6%, 97.2%, 93.1% and 99.2%, respectively. All
compounds were reconstituted in phosphate buffered saline (PBS).

Synthesis of Secoisolariciresinol Diglucoside

Synthetic SDG (S,S) and SDG (R,R) stereoisomers were synthesized
by our group (9). The synthesis of the secoisolariciresinol core was
performed by a novel, scalable route that has been previously
described (/6). The purities of synthetic SDG (S,S) and SDG (R,R)
stereoisomers were >95%, as determined by NMR spectroscopy. The
details and specific steps of the chemical synthesis and quality
determination are presented in our recent publication (9).

Exposure of Plasmid DNA and Calf Thymus DNA to Gamma
Radiation

Plasmid DNA (pBR322) or calf thymus DNA samples with or
without varying concentrations of SDG (R,R), SDG (S,S) and SDG
(commercial) were exposed to gamma radiation with a Mark I cesium
(Cs-137) irradiator (J.L. Shepherd, San Fernando, CA) at a dose rate
of 1.7 Gy/min in PBS, pH 7.4.

Determination of Radiation-Induced Plasmid DNA Relaxation

The effect of test compounds on radiation-induced strand breaks
and supercoil to open-circle conversion was determined using plasmid
DNA (pBR322) (Life Technologies). Plasmid DNA (500 ng) in PBS
(pH 7.4) was mixed with various concentrations (25-250 uM) of SDG
(R,R), SDG (S,S) and SDG (commercial) and exposed to 25 Gy of
radiation in PBS. At 30 min postirradiation, samples were mixed with
loading dye and subjected to agarose (1%) gel electrophoresis in TAE
buffer (pH 8.3) at 100 V. The gel was stained with ethidium bromide
(0.5 pg/ml) for 40 min, washed for 20 min and then visualized on a
UV transilluminator (Bio-Rad, Hercules, CA). The captured gel
images were scanned and the density of the open-circle and

supercoiled plasmid DNA bands determined by Gel-doc image
analyzer program. The density of the SC and OC plasmid DNA was
expressed as percentage of the total density (OC + SC).

Determination of Radiation-Induced DNA Fragmentation

The effect of test compounds on radiation-induced strand breaks in
DNA was determined using calf thymus DNA (Sigma, St. Louis,
MO). DNA (500 ng) in PBS (pH 7.4) was mixed with varying
concentrations (25-250 pM) of SDG (R,R), SDG (S,S) and SDG
(commercial) and 50 Gy irradiated for 30 min. A second series of
experiments were performed at varying concentrations ranging from
0.5-10 uM. Samples were mixed with loading dye and subjected to
agarose (1%) gel electrophoresis in TAE buffer (pH 8.3) at 100 V. The
gel was stained with ethidium bromide (0.5 pg/ml) for 40 min, washed
for 20 min and then visualized on a UV transilluminator. The captured
gel images were scanned and the density of the calf thymus DNA
fragments was determined using the Gel-Pro image analyzer program
(Media Cybernetics, Silver Spring, MD). The density of the low
(<<6,000 bps) and high (>6,000 bps) molecular weight fragments of
calf thymus DNA were expressed as the percentage of the total density
(low mol. wt. + high mol. wt.).

Analysis of the Data

Data obtained are presented as mean values * standard deviation.
The data were subjected to one-way analysis of variance (ANOVA)
with post hoc comparison using Bonferroni correction (StatView,
SAS, Cary, NC). P < 0.05 was considered significant.

RESULTS

The radioprotective potential of synthetic SDG (R,R),
SDG (§,S) and SDG (commercial) was determined using
plasmid DNA (pBR322). The radioprotection assay used in
this study is based on the principle that plasmid DNA after
exposure to gamma radiation moves slower than the
unexposed plasmid DNA. This is due to the supercoiled
plasmid DNA moving faster in the agarose gel due to its
compact size. In comparison, the radiation-induced nicks in
the plasmid DNA unravel supercoil resulting in a relatively
larger size circular plasmid, which moves slower in the gel.
Therefore, determining the density of the open-circular
compared to the supercoiled plasmid DNA reflects the
extent of radiation-induced damage.

Radiation Causes a Dose-Dependent Supercoil to Open-
Circular DNA Plasmid Conversion

To select a radiation dose that causes significant DNA
damage yet allows for a therapeutic window to test our
radiation-mitigating agent, we exposed plasmid DNA to 10,
25 and 50 Gy of gamma radiation. The results presented in
Fig. 1A show that there is a radiation dose-dependent
increase in OC form as well as a radiation dose-dependent
decrease in SC form of the plasmid DNA. The distribution
of SC and OC (Fig. 1B) shows that the percentage of SC
decreased from 68.73 = 2.54% to 50.91 + 2.31%, 38.37 *
3.73% and 35.66 = 4.24% (P < 0.05), when exposure to 0,
10, 25 and 50 Gy of radiation, respectively. At the same
time, the percentage of OC increased from 31.26 = 2.50%
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FIG. 1. Effect of increasing doses of gamma radiation on plasmid (pBR322) DNA relaxation. Supercoiled
(SC) represents the compact form and open-circular (OC) represents the relaxed or damaged form of the plasmid
DNA. Panel A: The SC form is seen as the lower prominent band (at 3,000 bps) while the OC form is the upper
prominent band. Lane 1: 1 kb DNA standard ladder; lanes 2 and 3: untreated plasmid DNA; lanes 4 and 5:
plasmid DNA exposed to 10 Gy of radiation; lanes 6 and 7: plasmid DNA exposed to 25 Gy of radiation; and
lanes 8 and 9: plasmid DNA exposed to 50 Gy of radiation. Panel B: SC and OC forms are presented as
percentage of total plasmid DNA. For each condition, all samples were run in duplicate. The data are presented
as mean = standard deviation. P < 0.05 was considered significant. *Indicate a significant difference compared

to untreated *SC and **OC forms.

to 49.08 £ 2.31%, 61.62 = 3.73% and 67.33 * 4.24% (P
< 0.05), when exposure to 0, 10, 25 and 50 Gy of radiation,
respectively. Based on these initial experiments, a radiation
dose of 25 Gy (at which considerable and clearly
demonstrable damage was achieved) was selected for the
subsequent experiments to determine the radioprotecting
characteristic of the different SDGs.

Radioprotective Activity of Synthetic SDG Using Plasmid
DNA Relaxation Assay

Plasmid DNA was exposed to the selected dose of 25 Gy
of gamma radiation (see Fig. 1) and the percentage
inhibition of DNA damage (SC to OC formation) was
determined for each of the SDG agents (synthetic and
commercial) at various concentrations (25-250 uM).

A representative gel blot of plasmid DNA after exposure
to 25 Gy of radiation in the presence of 25, 50, 100 and 250
wM SDG (S,S) is shown in Fig. 2A and semiquantitative

densitometric analysis is shown in Fig. 2B, while
percentage inhibition compared to control is shown in Fig.
2C. Interestingly, increasing the concentrations of SDG
(S,S) (25, 50, 100 and 250 puM) increased the proportion of
the SC form and the density of OC form decreased
significantly (P < 0.05) in a dose-dependent manner.
Using the percentage inhibition plot (Fig. 2C), the ECs,
value can be determined for each agent [i.e., the effective
concentration (EC) needed to prevent 50% of plasmid
relaxation at 25 Gy] and is 141.77 pM for SDG (S,S), the
ECs, value for preventing plasmid DNA relaxation is
comparable to the ECy, value for scavenging DPPH free
radicals (/4). These results demonstrate the radioprotective
characteristic of our synthetic SDG (S,S) enantiomer.
Similar results were shown for the SDG (R,R) enantiomer
(Fig. 2D-F) and SDG (commercial) (Fig. 2G-I) with an
ECs, of 127.96 pM and 98.38 uM, respectively. These
values for preventing plasmid DNA relaxation are compa-
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FIG. 2. Effect of increasing concentration of synthetic SDG (S,S), SDG (R,R) and SDG (commercial) on
gamma-radiation-induced plasmid (pBR322) DNA relaxation. All samples were exposed to a 25 Gy dose of vy
radiation. SDGs concentrations were 25, 50, 100 and 250 pM. Panels A, D and G: Representative agarose gel
scans of plasmid DNA after exposure to 25 Gy of radiation in the presence of 25, 50, 100 and 250 uM SDG
S.S), SDG (R,R) and SDG (commercial) are shown. Lane 1: 1 kb DNA standard ladder; lanes 2 and 3: untreated
plasmid DNA; lanes 4 and 5: 25 pM; lanes 6 and 7: 50 pM; lanes 8 and 9: 100 pM; and lanes 10 and 11: 250 uM
SDGs. Panels B, E and H: SC and OC forms are presented as percentage of total plasmid DNA. For each
condition, all samples were run in duplicate. The data are presented as mean * standard deviation. P < 0.05 was
considered significant. Significant difference compared to untreated *SC and *OC forms. ***Significant
differences compared to samples exposed to 25 Gy of radiation without SDGs. Panels C, F and I: SDGs-
dependent inhibition of plasmid DNA relaxation is shown. ECs, values were determined from the quadratic

equations shown under the curves.

rable to the respective ECs, value for scavenging DPPH free
radicals (/4). These results demonstrate the radioprotective
characteristics of both the synthetic and the commercially
available, natural SDG.

Radiation Causes Dose-Dependent DNA Fragmentation
from High- to Low-Molecular-Weight Fragments

Radiation induces an increase in DNA fragmentation as
shown in the DNA gel in Fig. 3A. Based on size, the calf
thymus DNA fragments were divided into two groups: high-
molecular-weight (>6,000 bps) size and low-molecular-
weight (<6,000 bps) size. The distribution (Fig. 3B) of the
high- and low-molecular-weight fragments show that the
percentage of the high-molecular-weight DNA decreased
from 88.16 £ 0.50% to 67.82 * 7.89% and 34.94 =*
4.45% (P < 0.05) at 25 and 50 Gy exposures, respectively.
At the same time, the proportion of low-molecular-weight
fragments increased from 11.83 = 0.50% to 32.17 =*
7.89% and 65.05 = 4.45% (P < 0.05) at 25 and 50 Gy
exposures, respectively. Our results (Fig. 3B) show a

significant decrease in high-molecular-weight DNA and a
significant increase in low-molecular-weight DNA frag-
ments indicating damage to DNA at 50 Gy exposure. Based
on these initial experiments, a radiation dose of 50 Gy (at
which a clearly demonstrable calf thymus DNA fragmen-
tation was observed) was selected for the following
experiments determining the radioprotection characteristic
of different SDGs.

Radioprotective Activity of Synthetic SDG Using Calf
Thymus DNA Fragmentation Assay

The radioprotective potential of synthetic SDG (R,R),
SDG (S,S) and SDG (commercial) was determined using
radiation-induced fragmentation of calf thymus DNA as
described above.

High SDG Concentration (25-250 uM)

Figure 4A shows a representative DNA gel of calf thymus
DNA after exposure to 50 Gy in the presence of 25, 50, 100
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FIG. 3. Effect of increasing doses of gamma radiation on calf thymus DNA fragmentation. DNA exposed to
gamma radiation generates fragments of small molecular weights, which move faster than the high-molecular-
weight DNA. Determining the density of the low-molecular-weight DNA fragments (<6,000 bps) compared to
the high-molecular-weight DNA (>6,000 bps) reflects the extent of radiation-induced damage. Panel A: Lane 1:
1 kb DNA standard ladder; lanes 2 and 3: untreated calf thymus DNA; lanes 4 and 5: DNA exposed to 25 Gy;
and lanes 6 and 7: DNA exposed to 50 Gy of radiation. Panel B: High- and low-molecular-weight DNA forms
are shown as percentage of total DNA. For each condition, all samples were run in duplicate. The data are shown
as mean * standard deviation. P < 0.05 was considered significant. ***Indicate significant differences
compared to the untreated forms, respectively.
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FIG. 4. Effect of increasing concentration of synthetic SDG (S,S), SDG (R,R) and SDG (commercial) on
gamma-radiation-induced calf thymus DNA fragmentation. All samples were exposed to a 50 Gy dose of
gamma radiation. SDG concentrations were 25, 50, 100 and 250 uM. Panels A, C and E: Representative agarose
gel scans of calf thymus DNA after exposure to 50 Gy in the presence of 25, 50, 100 and 250 pM SDG (S,S),
SDG (R,R) and SDG (commercial) are shown. Lane 1: 1 kb DNA standard ladder; lanes: 2 and 3, untreated
DNA; lanes 4 and 5: 25 pM; lanes 6 and 7: 50 pM; lanes 8 and 9: 100 pM; and lanes 10 and 11: 250 uM SDGs.
Panels B, D and F: High- and low-molecular-weight DNA forms are shown as percentage of total DNA. For
each condition, all samples were run in duplicate. The data are shown as mean * standard deviation. P < 0.05
was considered significant. *Significant difference compared to untreated DNA. *Significant difference
compared to samples exposed to 50 Gy without SDGs.
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FIG. 5. Effect of very low concentrations of synthetic SDG (S,S), SDG (R,R) and SDG (commercial) on
gamma-radiation-induced calf thymus DNA fragmentation. All samples were exposed to a 50 Gy dose of
gamma radiation. SDG concentrations were 0.5, 1.0, 5.0 and 10 uM. Panels A, C and E: Representative agarose
gel scans of calf thymus DNA after exposure to 50 Gy of radiation in the presence of 0.5, 1.0, 5.0 and 10 pM
SDG (S,S), SDG (R,R) and SDG (commercial) are shown. Lane 1: 1 kb DNA standard ladder; lanes 2 and 3:
untreated DNA; lanes 4 and 5: 0.5 pM; lanes 6 and 7: 1.0 pM; lanes 8 and 9: 5.0 pM; and lanes 10 and 11: 10 pM
SDGs. Panels B, D and F: High- and low-molecular-weight DNA forms are shown as percentage of total DNA.
For each condition, all samples were run in duplicate. The data is shown as mean * standard deviation. P <
0.05 was considered significant. *Significant difference compared to untreated DNA. *Significant difference
compared to samples exposed to 50 Gy of radiation without SDGs.

and 250 uM SDG (S,S). In the presence of increasing
concentrations of SDG (S,5) (25, 50, 100 and 250 uM), the
proportion of the high-molecular-weight DNA form in-
creased significantly (P < 0.05) after radiation exposure
while the low-molecular-weight fragments decreased. The
distribution of high- and low-molecular-weight DNA forms
in the presence of various concentrations of SDG (S,S) are
shown in Fig. 4B. These results demonstrate the radiopro-
tective characteristic of our synthetic SDG (§,S) enantiomer
using calf thymus genomic DNA. Similarly, results
presented in Fig. 4C—F show the radioprotective property
of synthetic SDG (R,R) and SDG (commercial), respective-
ly. These results demonstrate the radioprotective character-
istic of our synthetic SDG (R,R) and (S,S) enantiomers using
calf thymus genomic DNA.

To further determine the lower limits of SDG in DNA
protection, we performed a series of DNA fragmentation
experiments testing lower concentrations of all 3 SDGs,
ranging from 0.5-10 uM.

Low SDG Concentration (0.5-10 uM)

The results of experiments performed at low concentra-
tions of SDG (S,S), SDG (R,R) and SDG (commercial)
compared to their ECs, values for antioxidant and free

radical scavenging activity are shown in Fig. 5. Similar to
the higher SDG concentrations, the results presented in this
section using calf thymus DNA fragmentation assay
demonstrate that our synthetic SDG (S,S) and SDG (R,R)
enantiomers possess a strong radioprotection characteristic
even at low concentrations.

Radioprotective Activity of SDG Metabolites Using Calf
Thymus DNA Fragmentation Assay

The radioprotective potential of SDG metabolites SECO,
ED and EL was determined and compared with SDG using
radiation-induced fragmentation of calf thymus DNA as
described above. The concentration of 10 uM of each test
agent was selected based on previous findings shown above
as a median effective dose. The results are shown in the
Supplementary Fig. S1 (http://dx.doi.org/10.1667/
RR13635.1.S1). The data demonstrate that SDG and its
metabolites, SECO, ED and EL, are equipotent with respect
to their radioprotective properties.

DISCUSSION

The results of this study show that our synthetic SDG
(5,S) and SDG (R,R) enantiomers possess a strong
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radioprotection capacity. The radioprotection potential of
these enantiomers, as determined using plasmid DNA
(pBR322), increased as their concentration increased. These
synthetic SDG (S,S) and SDG (R,R) enantiomers prevent
radiation-induced damage to plasmid DNA in a concentra-
tion-dependent manner. The radioprotection potential of the
synthetic isomers of SDG was comparable to the commer-
cial SDG. The synthetic enantiomers SDG (§,S) and SDG
(R,R) also prevented the radiation-induced DNA fragmen-
tation of calf thymus genomic DNA. At the lowest
concentration tested, SDG (S,S) and SDG (R,R) completely
prevented the radiation-induced generation of low-molecu-
lar-weight fragments of calf thymus DNA, demonstrating a
strong radioprotective characteristic of our synthetic SDG
(§,S) and SDG (R,R) enantiomers. Results of low concen-
trations of SDG (S,S), SDG (R,R) and SDG (commercial)
indicated that the concentration required for protecting calf
thymus DNA from gamma-radiation damage is much lower
as compared to the ECs, values for their antioxidant and free
radical scavenging activity. Importantly, the mammalian
lignan metabolites of SDG, SECO, ED and EL showed
equally potent DNA-protective properties.

Flavonoids possess strong antioxidant activity (/7), and
specifically, such polyphenols possess free radical-scaveng-
ing activity and are known to be more effective antioxidants
in vitro than vitamins E and C (I8, 19). Dietary and
medicinal plants possessing antioxidant properties are also
known to prevent many human diseases associated with
oxidative stress (/9) and are useful radioprotectors (20).
Antioxidants, including vitamins and minerals, suppressed
the levels of clastogenic factors in Chernobyl workers many
years after radiation exposure (27).

Our group has been investigating the role of whole grain
dietary flaxseed (//, 22), which is rich in lignan
polyphenols, as well as flaxseed lignan formulations
enriched in SDG (23, 24), in radiation-induced damage
using a mouse model of thoracic radiation damage. We have
shown that flaxseed ameliorated the radiation-induced
inflammation and oxidative stress in mice when adminis-
tered both prior to and after radiation exposure. We also
demonstrated that irradiated mice fed diets containing only
the lignan component of flaxseed, enriched in the lignan
biphenol SDG, also showed significantly improved hemo-
dynamic measurements and survival in addition to im-
provement in lung inflammation and oxidative tissue
damage. These studies indicated that flaxseed through the
actions of the lignan SDG is protective against radiation-
induced tissue damage in vivo.

Increased generation of reactive oxygen species (ROS)
such as superoxide anion (O,"), hydroxyl radical (‘OH) and
hydrogen peroxide leads to tissue damage under various
experimental and pathological conditions. Reactive oxygen
species result in cellular damage by oxidative modification
of cellular membrane lipids, proteins and the genomic DNA
(25). A number of studies have shown that extracted,
purified or synthetic flaxseed SDG is a potent antioxidant in

vitro as well as in vivo (10, 12, 26). Therefore, SDG as an
antioxidant may have therapeutic potential under various
experimental and disease conditions including radiation-
induced tissue damage in patients undergoing radiation
therapy.

Polyphenols commonly occur as glycosides in plants and
possess antioxidant properties (27). Flavonoids, as antiox-
idants, interfere with the activities of enzymes involved in
the generation of reactive oxygen species, quench of free
radicals, chelate transition metals and rendering them redox
inactive in the Fenton reaction (28). Secoisolariciresinol is
the major lignan in flaxseed and has been shown to be a
potent antioxidant in vitro as well as in vivo. In exploring
the therapeutic potential of flaxseed lignan SDG previously,
we synthesized SDG by a novel chemical reaction using
vanillin as a precursor molecule and determined the
antioxidant properties of the synthetic SDG (R,R) and
SDG (S,S) by assessing their reducing power, metal
chelating potential, and free radical scavenging activity for
hydroxyl, peroxyl and DPPH radicals (/4). In the current
study, we have investigated the radioprotective character-
istics of our synthetic SDG (R,R) and SDG (S,S)
enantiomers and a commercially available SDG (as control)
by assessing their potential for preventing gamma radiation-
induced damage to plasmid DNA (pBR322) and calf
thymus DNA. Radiation-induced damage to plasmid DNA
was assessed by the increase in open-circular form of
plasmid DNA and decrease in supercoiled form of the
plasmid DNA. Radiation-induced damage to genomic DNA
was assessed by determining the level of DNA fragmenta-
tion. In this study, we have examined the efficacy of
synthetic SDG (R,R), SDG (S,S) and commercial SDG
against radiation-induced DNA damage in a cell-free
system.

The antioxidant properties of the SDG molecule have
been previously demonstrated by us and others (10, 12-14,
26). We have previously shown that natural, commercially
available SDG has potent free-radical scavenging properties
in cells exposed to gamma radiation (/7). However, the
radioprotective characteristics of the novel synthetic SDG
enantiomers have not yet been investigated. In our previous
study, we investigated the antioxidant and free radical
scavenging characteristics of these synthetic SDG (R,R) and
SDG (S,S) enantiomers and demonstrated that these
compounds possess strong reducing power, high metal-ion
chelating potential and high free radical scavenging activity
for hydroxyl, peroxyl and DPPH radicals (/4, 29). These
characteristics of the synthetic SDG (R,R) and SDG (S,S)
indicate that these molecules show strong potential for
modulating cellular redox state, decreasing metal-ion
concentration and scavenging oxygen free radicals. Further,
these characteristics suggest an ability to function by acting
at and preventing all the three steps of initiation,
propagation as well as termination of the free radical
reaction. We propose that these underlying mechanisms are
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potentially responsible for the radioprotective characteristics
of the SDG (R,R) and SDG (S,S) enantiomers in vivo.

An important observation we made is that the maximum
radioprotection of genomic DNA by SDG is already
achieved at approximately 5.0 pM concentration, well
below the ECs, values for their free radical scavenging and
antioxidant activity, which are in the range of 130-200 uM
(10, 14). These differences in effective concentrations
indicate that the radioprotection of genomic DNA by
SDG molecules is potentially due to mechanism(s) in
addition to their free radical scavenging and antioxidant
activity.

Although speculative at this stage, there could be several
potential mechanisms by which SDG might protect DNA
from gamma-radiation-induced damage, first, by scaveng-
ing hydroxyl free radicals and preventing their generation,
since radiation-induced radiolysis of water generates
hydroxyl radicals, which are considered to be the major
contributor for DNA damage (30), and second, by
associating with DNA base pairs, since several flavonoids
are known to do so. This is currently being further explored
in our laboratory. Specifically, the two benzene ring
structures (planar configuration) within the SDG molecule
may provide a basis for association with the DNA base
pairs. This has been observed for other flavonoids such as
luteolin, kempferol and quercetin (29, 31/, 32), and third, by
blocking abstraction of protons or addition of "OH radicals
on the purine and pyrimidine bases, especially at C5, C6
and C8, and at the deoxyribose sites. These mechanisms
have been proposed for protection from free radical-induced
DNA damage (5, 33-35). Therefore, SDG as an antioxidant
and free radical scavenger can function as a DNA
radioprotector and potentially as a radiation mitigator.
Therapeutic potential of flaxseed lignan as an antioxidant,
primarily as a hydroxyl radical scavenger, anticancer,
antidiabetic, antiviral, bactericidal, anti-inflammatory and
anti-atherosclerotic agent, has been previously discussed
(36-42), however, its role as a radioprotector has recently
been recognized (11, 43-45).

In summary, in this study, we have demonstrated that our
synthetic SDG (S,S) and SDG (R,R) enantiomers possess a
strong radioprotection characteristic. The radioprotection
potential of these enantiomers was determined using
plasmid DNA (pBR322) and calf thymus DNA. Our
synthetic SDG (S,S) and SDG (R,R) enantiomers prevented
the radiation-induced damage to plasmid DNA in a
concentration-dependent manner. Synthetic enantiomers
SDS (S,S) and SDG (R,R) also prevented the radiation-
induced fragmentation of calf thymus genomic DNA. At the
concentration of 5 pM, SDG (R,R) and SDG (S,S)
completely prevented the radiation-induced generation of
low-molecular-weight fragments of calf thymus DNA,
demonstrating a strong radioprotective capacity of these
enantionmers. Our current results establish our synthetic
SDG (R,R) and SDG (S,S) enantiomers as strong radiopro-
tectors for potential use in vivo.

SUPPLEMENTARY INFORMATION

Supplementary Fig. S1. Effect of SDG, SECO, ED and
EL on gamma-radiation-induced calf thymus DNA frag-
mentation. All samples were exposed to a 50 Gy dose of
gamma radiation. SDG, SECO, ED and EL were used at 10
UM concentration. Panel A: Representative agarose gel
scans of calf thymus DNA after exposure to 50 Gy in the
presence of 10 uM SDG, SECO, ED and EL are shown.
Lane 1: 1 kb DNA standard ladder; lanes 2 and 3: untreated
DNA; lanes 4-6: 50 Gy of ionizing irradiation; lanes 7 and
8: SDG; lanes 9 and 10: SECO; lanes 11 and 12: ED; and
lanes 13 and 14: EL. Panel B: High- and low-molecular-
weight DNA forms are shown as percentage of total DNA.
For each condition, all samples were run in duplicates. The
data are shown as mean * standard deviation. P < 0.05
was considered significant. *Significant difference as
compared to untreated DNA. #Significant difference
compared to samples exposed to 50 Gy alone.
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