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ABSTRACT Allylmethylsulfide (AMS), a volatile organosulfur derivative from garlic, has been shown to have radiopro-

tective effects in radiation-challenged cell and animal models, but the mechanism of radioprotection is not well understood.

To determine the mechanism of radioprotection in an in vivo model, we first verified the antioxidant capacity of AMS using

2,20-azobis(2-amidinopropane) dihydrochloride-induced human embryonic kidney 293T cells by measuring reactive oxygen

species generation, reduced glutathione, protein tyrosine kinase=protein tyrosine phosphatase balance, and nuclear factor-kB

(NF-kB) protein levels. We then investigated the protective effects of AMS (55 and 275mmol=kg, intraperitoneal treatment)

on 15 Gy X-ray-irradiated mouse kidney. The results showed that AMS decreased the free radical-induced lipid peroxidation

in mice exposed to X-rays. Moreover, the antioxidative AMS suppressed the activation of NF-kB and its dependent genes

such as vascular cell adhesion molecule-1, inducible nitric oxide synthase, and cyclooxygenase-2 through inhibition of IkBa
phosphorylation and activation of IkB kinase a=b and mitogen-activated protein kinases (MAPKs). Based on these results,

AMS may be a useful radioprotective agent by down-regulating the MAPKs and NF-kB signaling pathway that can be

induced via X-ray irradiation.

KEY WORDS: � allylmethylsulfide � mitogen-activated protein kinases � nuclear factor jB signaling � oxidative stress
� radioprotection � X-rays

INTRODUCTION

Ionizing radiation has been known to cause harmful
effects on cells and biological systems. First, it can in-

crease the generation of highly reactive oxygen species
(ROS), which can induce a number of detrimental biological
changes including disruption of DNA,1 lipid peroxidation,2

and inactivation of enzymes.3 Second, ionizing events
through large amounts of ROS promote activation of re-
ceptors and intracellular signaling pathways via activating
protein tyrosine kinase (PTK)4 and inhibiting protein tyro-
sine phosphatase (PTP) activities.5

X-rays are ionizing radiation that carries enough energy
to ionize an atom or molecule. These ionizations can be very
destructive to living tissues6 and may destroy the genetic
material of the cell, which can induce an inflammatory re-

sponse within irradiated tissues.7,8 Reports also show that
the inflammatory response induced through radiation occurs
through a series of cascades, such as activation of mitogen-
activated protein kinase (MAPK), and up-regulation of
redox-sensitive transcription factors, including nuclear
factor-kB (NF-kB).9 The radiation-induced activation of
MAPKs, which associates the extracellular signal-regulated
kinase (ERK), c-Jun N-terminal kinase ( JNK), and p38 in
mammalian cells, plays a major role in mediating cellular
proliferation, differentiation, inflammatory responses, and
ultimately cell death.10–12 Moreover, MAPKs are an im-
portant upstream regulator of the NF-kB signaling pathway,
and activation of NF-kB via MAPKs results in the produc-
tion of pro-inflammatory genes including tumor necrosis
factor-a, interleukin, cyclooxygenase-2 (COX-2), and vas-
cular cell adhesion molecule-1 (VCAM-1).13 Cytosolic NF-
kB is found predominantly as a heterodimer of p65 and p50
subunits, complexed by an inhibitory subunit, IkBa. The
exposure of cells to various stimuli results in the activation
of IkB kinase (IKK), leading to the phosphorylation and
degradation of IkBa. Then, NF-kB translocates to the
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nucleus, where it binds to the promoter region of the target
gene and induces transcription.14 Thus, inhibition of NF-kB
activation is a useful strategy for attenuating the radiation-
induced inflammatory response,9,15 and the signaling path-
ways leading to activation of NF-kB are important targets
for radioprotection.

Allylmethylsulfide (AMS) is an organosulfur derivative of
garlic that has been shown to have radioprotective properties
in radiation-induced cell and animal models. Previous
studies have shown that garlic plays important pharmaco-
logical role for cancer, heart disease, thrombosis, hyperten-
sion and hyperlipidemia.16–18 The potential mechanisms
through which garlic induces these beneficial effects include
its potent antioxidant action, activation of the immune
system, and inhibition of prostaglandin production.19–21

However, the mechanism through which AMS exerts its
radioprotective effects is not well studied. In addition, recent
studies demonstrated that the antioxidant effects of allicin, a
garlic component, inhibited intercellular adhesion molecule
expression in gamma-irradiated human vascular endothelial
cells.22

In the present study, fundamental data on the anti-
oxidative effect of AMS were obtained using human em-
bryonic kidney (HEK) 293T cells. Based on the in vitro
antioxidative data for AMS, the present study was designed
to determine whether AMS exhibited radioprotective ca-
pacity through modulation of inflammation in X-ray-
irradiated mice. We also examined the effect of AMS on
NF-kB signaling pathways via MAPKs and IKKa=b acti-
vations in X-ray-exposed mice.

MATERIALS AND METHODS

Mice, radiation, and AMS treatment

The 8–10-week-old male C57=BL6 mice used in this
study were obtained from Samtako (Osan, Republic of
Korea). The research protocol was approved by the Pusan
National University (Busan, Republic of Korea) Institu-
tional Animal Care and Use Committee. Mice were housed
five per cage and acclimatized for at least 1 week before
starting the experiment. The mice were divided into four
groups of five animals each: normal, irradiation (control),
and irradiation with AMS (55 or 275mmol=kg) treatment.
The mice in AMS-treated groups were injected intraperito-
neally for 3 days before X-ray irradiation, and those in the
other groups were injected with saline. For whole-body
irradiation, anesthetized mice were exposed to 15 Gy X-
irradiation using a Clinac 21 EX (Varian Medical System,
Palo Alto, CA) X-ray generator operating at an exposure
rate of 6 Gy=minute. The mice were killed 24 hours af-
ter 15 Gy X-ray irradiation, and the kidneys were quickly
removed and rinsed in ice-cold buffer (100 mM Tris
[pH 7.4], 1 mM EDTA, 0.2 mM phenylmethylsulfonyl fluo-
ride (PMSF), 1mM pepstatin, 2mM leupeptin, 80 mg=L trypsin
inhibitor, 20 mM b-glycerophosphate, 20 mM NaF, and 2 mM
sodium orthovanadate). The tissue was immediately frozen in
liquid nitrogen and stored at�808C. For the current study, we

chose to examine the kidney because it is the most radio-
sensitive of the abdominal organs.23

Reagents

AMS was purchased from Sigma (St. Louis, MO). 20,70-
Dichlorofluorescin diacetate (DCFDA), 3,6-fluorescein di-
phosphate, and the Antibody Beacon� tyrosine kinase assay
kit were obtained from Molecular Probes, Inc. (Eugene, OR).
The LPO-586� assay kit was obtained from Oxis Health,
Inc. (Foster, CA). 2,20-Azobis(2-amidinopropane) dihydro-
chloride (AAPH) was obtained from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). A horseradish peroxide-
conjugated secondary antibody was obtained from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). Polyvinylidene
difluoride membranes were obtained from Millipore Corp.
(Bedford, MA). All other chemicals were of the highest
purity available from Sigma.

Cell culture conditions and cell lysis

HEK293T cells were obtained from American Type
Culture Collection (Rockville, MD). The cells were cultured
in Dulbecco’s Modified Eagle’s Medium (Nissui Co.,
Tokyo, Japan) supplemented with 10% heat-inactivated
fetal bovine serum (Gibco, Grand Island, NY), glutamine at
233.6 mg=mL, penicillin-streptomycin at 100mg=mL, and
amphotericin B at 0.25 mg=mL adjusted to pH 7.4–7.6 with
NaHCO3 in an atmosphere of 5% CO2. The fresh medium
was replaced after 1 day to remove nonadherent cells or cell
debris.

Cells were washed with phosphate-buffered saline, and then
1 mL of ice-cold phosphate-buffered saline (PBS) was added.
Pellets were harvested by centrifugation at 950 g at 48C for 5
minutes. The pellets were suspended in 10 mM Tris (pH 8.0),
1.5 mM MgCl2, 1 mM dithiothreitol (DTT), 0.1% Nonidet (N)
P-40, and protease inhibitors and incubated on ice for 15
minutes. Nuclear proteins were separated from cytosol by
centrifugation at 14,000 g at 48C for 15 minutes. The super-
natants were used as the cytosolic fraction, and the pellets were
resuspended in 10 mM Tris (pH 8.0), 50 mM KCl, 100 mM
NaCl, and protease inhibitors, incubated on ice for 30 minutes,
and then centrifuged at 14,000 g at 48C for 30 minutes. The
resultant supernatants were used as the nuclear fraction.

Assessment of ROS and reduced glutathione (GSH) assay
in HEK293T cells

To determine the intracellular ROS scavenging activity of
HEK293T cells, cells were seeded in a 96-well plate. After
1 day, the medium was changed to a fresh serum-free me-
dium. The cells were treated with or without AMS and
were preincubated for 6 hours. After a 1-hour treatment
with AAPH (100 mM), an ROS generator, the medium was
replaced with fresh serum-free medium, and then 20,70-
DCFDA (20 mM) was added. Total ROS were measured at
a fluorescence intensity of dichlorofluorescin for 30 min-
utes. The fluorescence was used at excitation and emission
wavelengths of 485 and 530 nm, respectively.24
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For detection of GSH levels, 25% meta-phosphoric acid
was added to cell lysates and then centrifuged at 12,000 g for
10 minutes. The supernatants were taken for assay. Buffer
containing 1 mM EDTA and 50 mM phosphate was added
to the samples followed by addition of o-phthaladehyde
(0.1 mg=mL). After 20 minutes at room temperature, the
fluorescence was measured at an excitation of 360 nm and
emission of 485 nm.25

Measurement of PTK and PTP in HEK293T cells

PTK activity. PTK activities in cell lysates were assayed
with the Antibody Beacon tyrosine kinase assay kit. To
detect the tyrosine kinase activity, samples were prepared in
1�kinase buffer (100 mM Tris-HCl [pH 7.5], 20 mM MgCl2,
2 mM EGTA, 2 mM DTT, and 0.02% Brij 35) and mixed
with the Antibody Beacon detection complex plus substrate
in the 96-well microplate. Then, ATP reagent was added to
the plate and continuously incubated at the reaction tem-
perature. Fluorescence was measured at multiple time points
on a GENios (Tecan Systems, Inc., San Jose, CA) with
excitation and emission wavelengths set at 485 and 535 nm,
respectively.

PTP activity. 3,6-Fluorescein diphosphate is a very
sensitive fluorogenic substrate for assaying PTP activity. To
detect the tyrosine phosphatase activity, samples were pre-
pared in PTP assay buffer (50 mM Tris-HCl [pH 6.3], 2 mM
EGTA, 5 mM DTT, and 100mM CaCl2) and mixed with
100 mM 3,6-fluorescein diphosphate in the 96-well micro-
plate. The plate was incubated at the reaction temperature
for 5 minutes, and then fluorescence was measured at mul-
tiple time points on the GENios with excitation and emis-
sion wavelengths set at 485 and 535 nm, respectively.

Preparation of kidney tissue

Three hundred milligrams of frozen kidney tissue was
washed with PBS and homogenized in 2 mL of hypotonic
lysis buffer (buffer A; 10 mM HEPES [pH 7.8], 10 mM KCl,
2 mM MgCl2, 1 mM DTT, 0.1 mM EDTA, and 0.1 mM
PMSF) using a tissue homogenizer for 20 seconds. Homo-
genates were kept on ice for 15 minutes, 125mL of 10%
N P-40 solution was added and mixed for 15 seconds, and
the mixture was centrifuged for 2 minutes at 14,000 g. The
pelleted nuclei was washed once with 400mL of buffer A
plus 25mL of 10% N P-40, centrifuged, suspended in 200mL
of buffer C (50 mM HEPES [pH 7.8], 50 mM KCl, 300 mM
NaCl, 0.1 mM PMSF, and 10% [vol=vol] glycerol), kept
on ice for 30 minutes, and centrifuged for 10 minutes at
14,000 g. The supernatant (nuclear protein) was harvested
and then stored at �808C.24

Assessment of malondialdehyde (MDA)=4-hydroxyalkenals
(HAE) in mice kidney

MDA=HAE concentrations were determined by using an
LPO-586 assay kit for evaluating lipid peroxidation. The
kit uses a chromatogenic reagent that reacts with the lipid

peroxidation products MDA and HAE, yielding a stable
chromophore with maximum absorbance at 586 nm.

Protein measurement by western blot

NF-kB protein expression in kidney tissue or cell lysates
was confirmed by western blot analysis. Aliquots (30mg) of
nuclear fraction were separated on sodium dodecyl sulfate-
polyacrylamide mini-gel using a Laemmli buffer system26

and transferred to a polyvinylidene difluoride membrane at
100 V for 1.5 hours. The membrane was blocked using 5%
nonfat milk in 10 mM Tris (pH 7.5), 100 mM NaCl, and 0.1%
Tween-20 at room temperature for 1 hour. The blot was in-
cubated with anti-p-p65 (1:1,000, Cell Signaling, Danvers,
MA) and p65 and p50 (1:500; Santa Cruz Biotechnology)
antibody, followed by anti-rabbit IgG secondary antibody
(1:5,000; Santa Cruz Biotechnology), at 258C for 2 hours,
respectively. Antibody labeling was detected using enhanced
chemiluminescence (Amersham Pharmacia Biotech, Little
Chalfont, UK) following the manufacturer’s instructions and
exposed to Hyperfilm� (Amersham Pharmacia Biotech).

Statistical analysis

The statistical significance of the difference between the
groups was determined by one-factor analysis of variance
(ANOVA) followed by Fisher’s Protected Least Significant
Difference (LSD) post hoc test. Values of P< .05 were
considered statistically significant.

RESULTS

Antioxidant effects of AMS on AAPH-induced oxidative
stress in HEK293T cells

The antioxidant effects of AMS on ROS generation and
GSH depletion are demonstrated in cultured HEK293T cells.
In this experiment, AAPH is known to mediate free radical-
induced oxidation,27 and it results in ROS formation and GSH
depletion in HEK293T cells. Figure 1A clearly revealed that
AMS significantly decreased AAPH-induced ROS generation
at a level similar to N-acetylcysteine (NAC), a positive con-
trol in HEK293T cells. GSH depletion in response to AAPH
was restored to control levels by AMS treatment (1mM and
5mM), respectively (Fig. 1B). Moreover, the GSH boosting at
5mM AMS was higher than that of NAC. The results indi-
cated therefore that AMS can act as an antioxidant agent.

Modulatory effects of AMS on AAPH-stimulated
PTK=PTP status in HEK293T cells

To elucidate the modulatory effects of AMS on PTK=PTP
imbalance in oxidative conditions induced by AAPH, PTP
and PTK were measured using fluorometric assays in HEK
293T cell lysates (Fig. 2). As shown in Figure 2A, the
AAPH-induced increase of PTK activity was suppressed in
the AMS-treated group at a level similar to the control group.
On the other hand, decreased PTP activity in AAPH-treated
lysate was increased to be significant in the AMS-treated
group (Fig. 2B). From these results, the PTK=PTP ratio was
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obtained as depicted in Figure 2C. Data in Figure 2C showed
an increase in the PTK=PTP ratio for AAPH, whereas AMS
treatment showed the reversed ratio in a dose-dependent
manner. These data suggest that AMS modulates PTK=PTP
imbalance.

Inhibitory effects of AMS on NF-kB activation
in HEK293T cells

The nuclear translocation of NF-kB is facilitated as a
heterodimer of a p50 and a p65 subunit that function pre-
dominantly as transcriptional activators. The subunit p65 is

known to undergo phosphorylation, leading to nuclear
translocation and binding to a specific DNA sequence.28

Because ROS are responsible for regulation on the tran-
scriptional pathways of NF-kB29 and are known to elevate
NF-kB, we evaluated the effect of AAPH on the activation
of NF-kB in the HEK293T cell line. In the current study, to
determine p-p65, p65, and p50 activation, we examined
protein levels by western blot using p-p65-, p65-, and
p50-specific antibodies. As shown in Figure 3, nuclear
translocation of p-p65 and p65 significantly increased in
AAPH-stimulated nuclear lysate, whereas the AMS-treated
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FIG. 1. Effect of AMS on AAPH-induced (A) ROS generation and
(B) GSH depletion in HEK293T cells. Cells were preincubated with
or without AMS (1 mM or 5mM) or N-acetylcysteine (NAC) (200 mM)
for 6 hours prior to AAPH treatment. ROS and GSH levels were
measured 1 hour after AAPH treatment. Three independent experi-
ments were performed with quintuple assays. Results of one-factor
ANOVA followed by Fisher’s protected LSD post hoc test were used:
**P< .01, ***P< .001 versus untreated control; ##P< .01, ###P< .001
versus AAPH-treated cells, respectively.
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FIG. 2. Effect of AMS on AAPH-induced PTK=PTP imbalance in
HEK293T cells: (A) PTK and PTP activities and (B) PTK=PTP ratio.
Cells were preincubated with or without AMS (1 mM or 5mM) or
N-acetylcysteine (NAC) (200mM) for 6 hours prior to AAPH treat-
ment. PTK and PTP activities were measured 1 hour after AAPH
treatment and applied to measure the PTK=PTP ratio in cell lysate.
The balance point is set to the value that PTK=PTP ratio is 1.0 for the
control group. Data are mean� SE values of triplicate assays in five
separate experiments. Results of one-factor ANOVA followed by
Fisher’s protected LSD post hoc test were used: *P< .05, ***P< .001
versus untreated control; #P< .05, ##P< .01, ###P< .001 versus
AAPH-treated cells, respectively.
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group showed lower levels of p-p65 and p65. On the other
hand, we found that AAPH did not influence p50 activation.
AMS treatment inhibited AAPH-induced NF-kB activation
in cultured cells.

Inhibitory effects of AMS on lipid peroxidation
induced by X-rays

To follow up on our in vitro observations, we tested the
effect of AMS on the X-ray-induced oxidative stress in an
animal model using C57=BL6 mice. One of the hallmarks of
X-ray-induced oxidative stress is the formation of oxidized

macromolecules, including lipid peroxidation.30 We therefore
used lipid peroxidation as a marker of radiation-related oxi-
dative damage. Measurement of MDA and HAE has been
used as an indicator of lipid peroxidation. To elucidate the
inhibitory effects of AMS on MDA=HAE formation induced
by X-rays, MDA=HAE was measured with an assay kit
on kidney homogenates. When mice were exposed to X-rays,
the level of lipid peroxidation was increased to 1.48-fold
(P< .001) of the levels in control (non–X-ray-exposed) mice.
Supplementing with AMS resulted in significant inhibition of
the levels of lipid peroxidation induced by X-rays (Fig. 4).

Inhibitory effects of AMS on X-ray-induced
phosphorylation of MAPKs

X-ray-induced oxidative stress has been implicated in
phosphorylation of MAPKs.31–33 We determined the effect
of AMS on X-ray-induced phosphorylation of the JNK,
ERK1=2, and p38 proteins of the MAPK family in mouse
kidney using western blotting. Western blot results indicated
that exposure of mice to X-rays enhanced the phosphory-
lation of JNK protein compared with non–X-ray-exposed
mouse kidney (Fig. 5). However, supplementing with AMS
(55 or 275mmol=kg) inhibited X-ray-induced phosphoryla-
tion of JNK in the mouse kidney compared with non–AMS-
supplied but X-ray-exposed mice. The inhibitory effect of
AMS at the dose of 275mmol=kg on X-ray-induced phos-
phorylation of JNK was significantly greater than the dose
of 55mmol=kg AMS. Also, supplementing with AMS in-
hibited X-ray-induced phosphorylation of ERK1=2 and p38
in mouse kidney.

Suppressive effects of AMS on NF-kB activation
and the degradation of IkBa induced by X-rays
in mouse kidney

NF-kB activation is mediated by MAPK signaling path-
ways.13 Our western blot analysis indicated that exposure of

FIG. 3. Effect of AMS on NF-kB activation in HEK293T cells.
HEK293T cells were grown to 80% confluence in 100-mm-diameter
dishes in Dulbecco’s Modified Eagle’s Medium and then stimulated
with AAPH with or without AMS (1 mM or 5 mM) or N-acetylcysteine
(NAC) (200mM) for 6 hours. (Top panel) Western blot was per-
formed to detect p-p65, p65, and p50 protein levels in nuclei (30 mg of
protein) from HEK293T cells. Levels were normalized to transcrip-
tion factor PB (TFPB). One representative blot of each protein is
shown from three experiments that yielded similar results. (Bottom
panel) Values are the relative optical intensity of each band nor-
malized as a percentage of the untreated control. Results of one-factor
ANOVA followed by Fisher’s protected LSD post hoc test were used:
*P< .05, **P< .01 versus untreated control; #P< .05, ##P< .01,
###P< .001 versus AAPH-treated cells, respectively.
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FIG. 4. Influence of AMS on lipid peroxidation in X-ray-exposed
mouse kidney. MDAþHAE assays were performed as described in
Materials and Methods. Data are shown for kidneys of mice 6 hours
after 15 Gy irradiation. Data are mean� SE values representing
triplicate assays of five mice from each group (n¼ 5). Results of one-
factor ANOVA followed by Fisher’s protected LSD post hoc test
were used: ***P< .001 versus nonexposed mouse kidney; ##P< .01
versus X-ray-exposed mouse kidney, respectively.

546 LEE ET AL.



mice to X-rays resulted in markedly greater activation
of p50 and p65 translocation to the nucleus than non–
X-ray-exposed control mice. However, supplementing mice
with AMS (55 mmol=kg and 275 mmol=kg) resulted in in-
hibition of translocation of p65 and activation of p50 to the
nucleus compared with non–AMS-supplied but X-ray-
exposed mice (Fig. 6A). This finding was consistent with
our data that oxidative stress and phosphorylation of
MAPKs are higher in X-ray-irradiated mice.

X-ray irradiation also resulted in activation of IKKa=b in
the kidney compared with non–X-ray-exposed control mice.
However, supplementing with AMS inhibited the activation
levels of IKKa=b in cytosol compared with non–AMS-
supplied but X-ray-exposed mice (Fig. 6B). The induction
of IKKa=b has been shown to be essential for X-ray-induced
phosphorylation and degradation of IkBa. Phosphorylation
of IkBa was higher in X-ray-exposed mice compared with

non–X-ray-exposed mice, whereas supplementing with
AMS at doses of 55mmol=kg and 275 mmol=kg inhibited
X-ray-induced phosphorylation of IkBa. These data indicate
that AMS modulated X-ray-exposed IKKa=b activity.

FIG. 5. Effect of AMS on X-ray-exposed phosphorylation of
MAPKs in mouse kidney. Mice were treated as described in Materials
and Methods. Kidney homogenates were prepared to determine the
phosphorylated levels of JNK, ERK, and p38 using western blot.
A representative blot is shown from three independent experiments
with identical observations (n¼ 5), and equivalent protein loading
was confirmed by probing stripped blots for total JNK, EKR1=2, and
p38. Blot density was detected with FluorChem and standardized to a
percentage of the untreated group. Results of one-factor ANOVA
followed by Fisher’s protected LSD post hoc test were used: *P< .05,
**P< .01, ***P< .001 versus nonexposed mouse kidney; #P< .05,
###P< .001 versus X-ray-exposed mouse kidney, respectively.

FIG. 6. Effect of AMS on X-ray-induced activation of NF-kB,
phospho-IkBa, and phospho-IKKa=b in mouse kidney. Mice were
treated as described in Materials and Methods. The activations of (A)
NF-kB and (B) p-IkBa and p-IKKa=b were determined using west-
ern blot. One representative blot of each protein is shown from three
experiments that yielded similar results (n¼ 5). Equivalent protein
loading was confirmed by probing stripped blots for transcription
factor PB (TFPB) and b-actin. Blot density was detected with
FluorChem and standardized as a percentage of the untreated group.
Results of one-factor ANOVA followed by Fisher’s protected LSD
post hoc test were used: *P< .05, **P< .01, ***P< .001 versus
nonexposed mouse kidney; ##P< .01, ###P< .001 versus X-ray-
exposed mouse kidney, respectively.
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Suppressive effects of AMS on expression of NF-kB
responsive proteins in X-ray-irradiated mouse kidney

We next examined whether AMS has the ability to in-
hibit the induction of NF-kB-responsive proteins, such as
VCAM-1, inducible nitric oxide synthase (iNOS), and COX-
2, in X-ray-exposed mouse kidney. As shown in Figure 7,
exposure of mice to X-rays markedly enhanced the expres-
sion of pro-inflammatory VCAM-1, iNOS, and COX-2
proteins compared with control non–X-ray-exposed mice.
The supplementing AMS at doses of 55mmol=kg and
275 mmol=kg resulted in marked inhibition of X-ray-induced
expression of VCAM-1, iNOS, and COX-2 proteins. These
data suggest that AMS suppressed pro-inflammatory gene
expression induced by X-rays.

DISCUSSION

Ionizing radiation induces inflammation in most tissues,
and NF-kB activation is one of the important inflammatory
mediators in radiation-exposed tissues.7,15 Over the past few
decades, a number of active compounds with potential ra-
dioprotective effects have been studied at the cellular level
and in animal models.34–36 In particular, sulfur compounds
have been tested in animal models for their possible protec-
tive effects against inflammation induced by radiation.37,38

In the present study, we used AMS, an organic sulfur com-
pound from garlic, that is known to act as an antitumor agent
by inhibiting cytochrome P450 2E1 protein as well as an
anti-inflammatory agent by suppressing nitric oxide pro-
duction in LPS-stimulated macrophages.39,40 However, the
radioprotective effects of AMS on X-ray-induced NF-kB
activation in mouse kidney have not been thoroughly
examined.

The present study was designed to define the radiopro-
tective mechanism of AMS against X-ray irradiation. For
this purpose, we used the HEK293T cell line and C57=BL6
mouse models. We found that AMS has powerful antioxi-
dant effects that can modulate the effects of AAPH-induced
redox imbalance in a cell culture system and also suppress
activation of NF-kB, a key inflammatory transcription fac-
tor. Ionizing radiation interacting with water in cells results
in the production of ROS, such as hydroxyl radicals, hy-
drogen radicals, and hydrogen peroxide, and thus can induce
cell damage and, potentially, cell dysfunction and death.41

Therefore, screening of radioprotective agents should in-
clude the examination of their ability to ameliorate free
radical production and related inflammation. Moreover, we
speculated that AMS would exert protective effects against
X-ray-exposed kidney inflammation. Based on the results
from the cell culture system, we expected that AMS sup-
plementation may protect against X-ray-irradiation-induced
kidney damage.

X-ray-induced oxidation of lipids has been used as a
marker of oxidative stress.29 In the present study, we con-
firmed that lipid peroxidation was increased in the X-ray-
exposed kidney and also showed that formation of MDA, a
lipid peroxidation product, was significantly inhibited by
AMS supplementation in X-ray-exposed kidney. The for-
mation and accumulation of lipid peroxidation products
have been reported to result in tissue damage, inflammation,
and malignancies.42 Thus, inhibition of X-ray-induced lipid
peroxidation by AMS in mouse kidney would likely reduce
risk factors associated with oxidative stress-mediated pro-
inflammatory effects of X-ray irradiation.

Several studies have recently reported that low-dose
ionizing radiation from 0.02 to 0.05 Gy causes phenomenon
such as activity of cell metabolism or proliferation of normal
human diploid cells through the MAPK signaling pathways,
which suggests that the activation of the MAPK pathways has
cytoprotective effects.43,44 In contrast, high-dose ionizing
radiation from 2 to 50 Gy is well established to exert pro-
inflammatory effects.45 In addition, the MAPK signaling

FIG. 7. Effect of AMS on X-ray-induced activation of NF-kB-
dependent genes in mouse kidney. Mice were treated as described in
Materials and Methods. Kidney homogenates were prepared to deter-
mine the levels of VCAM-1, iNOS, and COX-2 using western blot. A
representative blot is shown from three independent experiments with
identical observations (n¼ 5), and equivalent protein loading was
confirmed by probing for b-actin. Blot density was detected with
FluorChem and standardized as a percentage of the untreated group.
Results of one-factor ANOVA followed by Fisher’s protected LSD
post hoc test were used: **P< 0.01, ***P< .001 versus nonexposed
mouse kidney; ##P< .01, ###P< .001 versus X-ray-exposed mouse
kidney, respectively.
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pathway is known to become activated upon high-dose
ionizing radiation in many cells, including macrophages.10

MAPK signaling cascades have been identified to be ERK
activated by tumor promoters and agonists for tyrosine
kinase-encoded receptors,46 JNK and p38 MAPK, in re-
sponse to pro-inflammatory cytokines and other environ-
mental stresses.11,12 Our data show that X-ray-induced
phosphorylations of ERK, JNK, and p38 in mouse kidney
were prevented by AMS supplementation. It is well known
that X-rays induce oxidative stress production in target cells,
which in turn initiates phosphorylation of MAPKs, acti-
vation of downstream signals, and expression of genes
involved in the inflammatory response.47 Therefore, we con-
firmed that AMS supplementation prevents phosphorylation
of MAPKs by inhibiting X-ray-induced oxidative stress.

Inhibition of NF-kB activation appears to be a promising
target for reducing radiation-induced inflammation.9 One of
the most effective protectors developed was WR-2721 or
amifostine, which is a synthetic thiol compound.37,38 Ami-
fostin has been used in clinical trials, and it is approved by
the Food and Drug Administration as a radioprotector. Al-
though amifostine or WR-2721 showed good radioprotec-
tion effects, its toxicity at optimum protective doses has
motivated the search for natural compounds that have low
toxicity and can be administrated easily.37

The activation of NF-kB by extracellular stimuli depends
on the phosphorylation and subsequent degradation of IkBa,
through IKKa=b, serine=threonine kinases.14 Based on our
western blot results, we observed that AMS inhibits phos-
phorylation of IkBa, activation of IKKa=b, and translocation
into the nucleus of p65 in X-ray-exposed mice kidney.
Therefore, our findings involving X-ray-irradiated kidney
inflammation suggest AMS is a potential radioprotector.
Activation of NF-kB is important for the initiation of
inflammation, which up-regulates the expression of pro-
inflammatory cytokines and inflammatory genes. Conse-
quently, ionizing radiation-induced expression of various
inflammatory genes has been proposed to contribute to
radiation injury in normal tissues.48,49 Moreover, other
radioprotectors, such as polyphenols and green tea, have
shown almost similar mechanisms of action against ionizing
radiation-induced biological effects.50,51 Therefore, our
findings regarding the effects of AMS on this pathway sug-
gest that it represents a key molecular target of AMS.

NF-kB regulates the transcription of pro-inflammatory
molecules, including COX-2, iNOS, and VCAM-1.52 Most
of these genes have been shown in radiation-induced in-
flammation, and expression of these genes was suppressed
through NF-kB inhibition.13 In contrast, inhibition of COX-
2 stimulates apoptosis in cancer models. However, our
models focused on inflammation induction by radiation, and
COX-2 has been shown to be up-regulated in cells exposed
to radiation.

The present results showed that enhanced levels of NF-
kB-responsive proteins in X-ray-exposed mouse kidney
were suppressed by AMS supplement. Based on our results,
we suggest that the NF-kB pathway in X-ray-exposed

kidney represents a key molecular target of AMS, a natural
compound.

In conclusion, the present study indicates that AMS has the
potential to attenuate the activation of the NF-kB pathway
through MAPKs and IKKa=b in X-ray-irradiation-induced
kidney inflammation. Based on the current findings, we
propose that AMS mediates radioprotective effects through
(a) prevention of oxidative damage of lipids and (b) sup-
pression of activation of MAPKs, IKKa=b, and NF-kB
signaling pathways in response to X-ray-irradiation-induced
inflammation in kidney. Moreover, our findings suggest that
AMS might be used to improve deleterious conditions
related to X-ray-exposed kidney and other diseases.
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