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Anti-Inflammatory Activity of Sulfur-Containing Compounds from Garlic
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ABSTRACT We identified four anti-inflammatory sulfur-containing compounds from garlic, and their chemical structures
were identified as Z- and E-ajoene and oxidized sulfonyl derivatives of ajoene. The sulfur compounds inhibited the production
of nitric oxide (NO) and prostaglandin E> (PGE») and the expression of the pro-inflammatory cytokines tumor necrosis factor-
o, interleukin-1f, and interleukin-6 in lipopolysaccharide (LPS)-activated macrophages. Western blotting and reverse tran-
scription—polymerase chain reaction analysis demonstrated that these sulfur compounds attenuated the LPS-induced
expression of the inducible NO synthase (iNOS) and cyclooxygenase-2 (COX-2) proteins and mRNA. Moreover, these sulfur-
containing compounds suppressed the nuclear factor-xB (NF-xB) transcriptional activity and the degradation of inhibitory-
kBo in LPS-activated macrophages. Furthermore, we observed that they markedly inhibited the LPS-induced phosphorylations
of p38 mitogen-activated protein kinases and extracellular signal-regulated kinases (ERK) at 20 uM. These data demonstrate that
the sulfur compounds from garlic, (Z, E)-ajoene and their sulfonyl analogs, can suppress the LPS-induced production of NO/
PGE; and the expression of iNOS/COX-2 genes by inhibiting the NF-xB activation and the phosphorylations of p38 and ERK.
Taken together, these data show that Z- and E-ajoene and their sulfonyl analogs from garlic might have anti-inflammatory

therapeutic potential.
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INTRODUCTION

ARLIC (ALLIUM SATIVUM L.) is a pungent spice with a

long history of use throughout the world for both its
culinary and therapeutic properties.' It has been reported
that garlic as a dietary component may reduce the risk of
cardiovascular disease.”> Garlic has been also known to
possess antithrombotic,' lipid-lowering,® antioxidative,* an-
tihypercholesterolemia,’ anticancer,’” and anti-inflammatory®’
activities. It has been reported that garlic extract suppresses
the production of leukocyte inflammatory cytokines such as
tumor necrosis factor-o (TNF-«), interleukin (IL)-1c, IL-6,
and interferon-y in vitro and shows a therapeutic potential in
the treatment of inflammatory bowel disease.'® Its charac-
teristic flavor and potent biological activities are due to its
organosulfur compounds.!

Garlic contains diverse organosulfur compounds such as
S-allyl-L-cysteine, diallyl disulfide, diallyl trisulfide, ajoene,
and allicin, which have potent antioxidative, antibacterial,
antiviral, and anticancer properties.''”'* The major water-
soluble sulfur compound, S-allyl-L-cysteine, in garlic
extract seems to have direct inhibitory effect on nuclear
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factor-kB (NF-kB) and indirect inhibitory effect on lipo-
polysaccharide (LPS)-induced IL-1 and TNF-o. in human
whole blood.'*!3 The lipid-soluble sulfur compounds allicin
and diallyl disulfide also inhibit NF-xB and reduce the ex-
pression of inducible nitric oxide (NO) synthase (iNOS) in
LPS-stimulated macrophages.'®!” Allicin is a very unstable
compound that is formed from alliin by alliinase upon
crushing fresh garlic. It can be rearranged to produce diallyl
sulfides, dithiins, and ajoene.'® In particular, ajoene is a
fairly stable sulfoxide compound that can be produced
during heat treatment of crushed garlic. Ajoene, a mixture of
Z and E isomers, possesses a broad spectrum of biological
activities, including antithrombotic,'® antimicrobial,?® anti-
cancer,?! and anti-inflammatory activities.??

We previously showed that garlic extract exerts anti-
inflammatory activity by inhibiting the LPS-induced Toll-
like receptor-4 dimerization followed by the suppression of
NF-xB transcriptional activity and the expression of iNOS
and cyclooxygenase (COX)-2.2> NO synthase (NOS) cata-
lyzes the oxidative deamination of L-arginine to produce
NO. Three isoforms of NOS have been identified: endo-
thelial NOS, neuronal NOS, and iNOS.?* Of these three
isoforms, iNOS can be induced by LPS or cytokines in a
variety of immune cells, including macrophages, to produce
a large amount of NO as a pro-inflammatory mediator.?
COX-2 catalyzes the rate-limiting step in the synthesis of
prostaglandins (PGs) that play a major role as mediators of
the inflammatory response. Two isoforms of COX have



GARLIC’'S ANTI-INFLAMMATORY SULFUR COMPOUNDS 993

been found: COX-1 and COX-2. COX-1 is a housekeeping
enzyme and is constitutively expressed in most mammalian
tissues. COX-2 is induced by several stimuli and is re-
sponsible for the production of large amounts of pro-
inflammatory PGs at the inflammatory site.?¢

In this study, we identified (Z, E)-ajoenes and their oxi-
dized analogs as anti-inflammatory principles of garlic (A.
sativum L.) through the activity-guided purification proce-
dure. Although the effect of the mixture of Z- and E-ajoene
on the production of inflammatory mediators in LPS-
induced macrophages has been investigated,!”? little is
known about the effect of pure Z- and E-ajoene and oxidized
(sulfonyl) derivatives of ajoene on inflammatory responses.
The present study compared the efficacy of Z- and E-ajoene
and their analogs for inhibiting production of NO/PGE; and
the expression of iNOS/COX-2 in LPS-stimulated macro-
phages. We also disclosed the possible molecular mecha-
nisms of these actions.

MATERIALS AND METHODS

Test material

Fresh Korean garlic (A. sativum L.) (2kg) was purchased
from a Korean market in January 2007. Authentication of
plant material was carried out by Prof. K.S. Yang at Sook-
myung Women’s University (Seoul, Korea). A voucher
specimen (number 0070108) was deposited in the Herbar-
ium of Sookmyung Women’s University. Four sulfur-con-
taining compounds, 1-4 (Fig. 1), as active principles from
garlic (A. sativum L.) were isolated by repeated column
chromatography and analyzed for purity by high-perfor-
mance liquid chromatography (Shimadzu [Kyoto, Japan]
high-performance liquid chromatography system with ul-
traviolet monitoring at 254 nm; u-Bondapak C;s column,
10 pm, 10 mm x 300 mm; 70% aqueous methanol as eluent;
flow rate, 2.0 mL/min): (£)-4,5,9-trithiadodeca-1,6,11-triene 9-
oxide (Z-ajoene) (1), (E)-4,5,9-trithiadodeca-1,6,11-triene
9-oxide (E-ajoene) (2), (£)-4,5,9-trithiadodeca-1,6,11-triene
9,9-dioxide (3), and (E)-4,5,9-trithiadodeca-1,6,11-triene 9,9-
dioxide (4). The structures of sulfur—containing compounds
1-4 were identified by 'H- and '*C-nuclear magnetic reso-
nance spectra that were consistent with previous data.?’~%°
All test concentrations of active compounds showed no
significant effect on cell viability. In the present study,
curcumin (20 uM), a representative naturally occurring
anti-inflammatory compound, was used as a positive control
for the evaluation of anti-inflammatory activities.

o
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FIG. 1. The structures of sulfur compounds 1-4 from garlic.

Cell culture

RAW 264.7 cells (a murine macrophage cell line)
(American Type Culture Collection, Rockville, MD, USA)
were cultured in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum, 100 units/mL penicillin,
and 100 ug/mL streptomycin (Invitrogen, Carlsbad, CA,
USA). T-RAW cells, stably transfected RAW 264.7 cells
with a reporter construct of pNF-kB-SEAP-NPT encoding
four copies of NF-xB binding kB sequence and secretory
alkaline phosphatase (SEAP) as a reporter, were the kind
gift of Prof. Yeong Shik Kim (Seoul National University,
Seoul). T-RAW 264.7 cells were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
bovine serum and 500 ug/mL geneticin. All cells were in-
cubated at 37°C in 5% CO- in a humidified atmosphere.

Measurements of NO in LPS-activated RAW 264.7 cells

Cells (6 x 10* cells/mL in a 48-well plate) were incubated
for 20 h in the absence or presence of test samples with LPS
(1 pg/mL). NO was assessed by measuring the accumulated
nitrite by the Griess method.*® In brief, samples (100 uL) of
culture medium were incubated with 150 uL. of Griess re-
agent (1% sulfanilamide and 0.1% naphthylethylenediamine
in 2.5% phosphoric acid solution) at room temperature for
10 min in a 96-well microplate. Absorbance at 540 nm was
measured by using a microplate reader (Molecular Devices,
Sunnyvale, CA, USA). The concentration of NO was de-
termined by the sodium nitrite standard curve.

Measurement of PGE>

The accumulated PGE; in culture medium was deter-
mined by using an enzyme immunoassay kit from Cayman
Chemical Co. (Ann Arbor, MI, USA) according to the
manufacturer’s instruction. A standard curve was prepared
simultaneously with PGE, standards ranging from 0.06 to
6ng/mL.

Western blot analysis

Whole-cell lysates and cytosol and nuclear extracts were
prepared and subjected to western blotting as described
previously.*! In brief, RAW 264.7 cells (8 x 10° cells per 60-
mm-diameter dish) were treated with 1 ug/mL LPS in the
presence or absence of test compounds. Following 20-h
treatment, cells were harvested and gently lysed with cell
lysis buffer (Cell Signaling Technologies, Beverly, MA,
USA). Cell lysates were then centrifuged at 10,000 g for
20min at 4°C. Supernatants were collected, and protein
concentrations were determined by the Bradford method.

To prepare cytosol and nuclear extracts, cells were treated
with test compounds for 30 min prior to activation with 1 ug/
mL LPS. Following a 15-min treatment with LPS, cells were
harvested by using NE-PER nuclear and cytoplasmic ex-
traction reagents (Pierce Biotechnology, Rockford, IL,
USA) according to the manufacturer’s instructions. Anti-
bodies against iNOS (BD Biosciences, Franklin Lakes, NJ,
USA), COX-2 (Cayman Chemical), and inhibitory-xBo
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(I-xBo) and p65 (Santa Cruz Biotechnologies Inc., Santa
Cruz, CA, USA) were used for immunoblot analysis.

Reverse transcription—polymerase chain reaction analysis

RAW 264.7 cells (1x10° cells per 60-mm-diameter
dish) were stimulated for 6 h with LPS (1 pug/mL) in the
presence or absence of test compounds. Total RNA was
isolated by TRIzol® (Invitrogen) extraction according to the
manufacturer’s instructions and then reverse-transcribed
into cDNA using reverse transcriptase (Invitrogen) and
random hexamer (Cosmo, Seoul, Korea). Then polymerase
chain reaction analyses were performed on the aliquots
of the cDNA preparations to detect expression of the genes
for iNOS, COX-2, IL-1f, IL-6, TNF-o, and ff-actin using
a recombinant Taq polymerase (Promega, Madison, WI,
USA).

Measurement of NF-kB transcriptional activity

NF-kB transcriptional activity was measured by using the
stably transfected RAW 264.7 cells with pNF-xB-SEAP-
NPT (T-RAW 264.7 cells) as described previously with
some modifications.>>3? In brief, T -RAW 264.7 cells were
seeded on a 24-well plate and incubated for 24 h. Test
compounds were added to cells 2h before the treatment
with LPS (1 ug/mL). After a 16-h incubation, aliquots of
culture medium were heated at 65°C for 6 min, and then the
activity of SEAP was measured. The transcriptional activity
was expressed as fold induction over that of vehicle-treated
cells.

Statistical analysis

The results were expressed as mean+ SD values of three
experiments, and statistical analysis was performed by one-
way analysis of variance and Student’s ¢ test. A P value
of < .01 was considered to indicate a significant difference.

RESULTS

Effects of sulfur compounds on production of NO
and PGE> in LPS-stimulated RAW 264.7 cells

Compounds 1-4 inhibited the production of NO and PGE,
in a dose-dependent manner (Supplementary Fig. S1; Sup-
plementary Data are available online at www.liebertpub
.com/jmf ), whereas LPS treatment dramatically increased the
concentrations of NO and PGE,. The concentrations of
compounds 1-4 causing 50% inhibition are shown in Table 1.
The overall pattern of the anti-inflammatory activity of the
four compounds shows that the ajoenes (1, 2) are more potent
than the oxidized forms (3, 4) and that the Z-isomer is more
effective than the E-isomer in the inhibition of LPS-induced
NO and PGE, production. The most potent form is (Z)-
ajoene, with concentrations causing 50% inhibition of 1.9 uM
and 1.1 uM for NO and PGE; production, respectively. These
results guided us to examine the effects of compounds 1-4 on
the expression of the iNOS and COX-2 enzymes, which
produce NO and PGE,, as key mediators of inflammation.

TABLE 1. INHIBITION OF NITRIC OXIDE AND PROSTAGLANDIN
E> ProDUCTION BY SULFUR COMPOUNDS FROM GARLIC
IN LIPOPOLYSACCHARIDE-ACTIVATED RAW 264.7 CELLS

ICso (LM)
Compound NO? PGE>®
1 1.9+0.2 1.1£0.2
2 4.0+0.2 1.8£0.3
3 3.3+0.2 2.1+£0.2
4 42+0.1 4.0x0.3

“RAW 264.7 cells were cultured in 48-well plates and activated with 1 ug/
mL lipopolysaccharide in the presence or absence of various concentrations
(0.1-20 uM) of compounds 1-4. After a 24-h treatment, cell culture
supernatants were analyzed for nitrite (NO,~) by the Griess reaction. In
brief, an equal volume of Griess reagent (1% sulfanilamide/0.1% naphthy-
lethyenediamine dihydrochloride in 2.5% H3PO4) was mixed with cell culture
supernatants, and color development was assessed at A=540nm using a
microplate reader. Fresh culture medium was used as the blank in all
experiments. The amount of nitrite was calculated from a sodium nitrite
standard curve.

"The accumulated prostaglandin E» (PGE») in culture medium was
determined by using an enzyme immunoassay kit from Cayman Chemical
according to the manufacturer’s instruction. A standard curve was prepared
simultaneously with PGE, standard ranging from 0.06 to 6 ng/mL.

ICso, concentration causing 50% inhibition; NO, nitric oxide.

Effects of sulfur compounds on expression of iNOS
and COX-2 in LPS-stimulated RAW 264.7 cells

To elucidate the mechanism of active compounds for the
inhibition of NO and PGE, production, we examined the
effects of sulfur compounds on the expression of iNOS/
COX-2 protein and mRNA. As shown in Figure 2A, sulfur
compounds 1-4 from garlic attenuated the expression of
iNOS and COX-2 protein levels, whereas the protein levels
of iNOS and COX-2 were markedly up-regulated by LPS
treatment of RAW 264.7 cells. Furthermore, reverse tran-
scription—polymerase chain reaction analysis showed down-
regulation of the mRNA level of iNOS and COX-2 by the
treatment with the compounds (Fig. 2B). As expected, (Z)-
ajoene (1) showed the most potent activity in these experi-
ments. These results suggested that sulfur compounds 1-4
control the LPS-induced expression of iNOS and COX-2 at
the transcriptional level (see also Supplementary Fig. S2).

Effects of sulfur compounds on mRNA expression
of pro-inflammatory cytokines in LPS-stimulated
RAW 264.7 cells

To examine the anti-inflammatory potential of these sul-
fur compounds from garlic, we investigated the effect of the
compounds 1-4 on the LPS-induced mRNA expression of
TNF-o, IL-1f, and IL-6 in RAW 264.7 cells. Cells were
treated with 20 uM sulfur compounds 1-4 in the presence of
LPS (1 ug/mL) for 6 h. Compounds 1-4 significantly sup-
pressed the expression of IL-1f, IL-6, and TNF-« mRNAs in
LPS-stimulated macrophages (Fig. 3). Here, Z-ajoene (1)
was the most effective among the four sulfur compounds,
and the Z isomers of ajoene and oxidized ajoene were more
potent than the E isomers.
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FIG. 2. Effects of sulfur compounds (compds) 1-4 on the expres-
sion of lipopolysaccharide (LPS)-induced inducible NO synthase
(INOS)/cyclooxygenase-2 (COX-2) protein and mRNA in RAW
264.7 macrophages. (A) Cells were treated with compds for 20h
during LPS (1 pg/mL) activation. Cell lysates were prepared, and the
iNOS, COX-2, and f-actin protein levels were determined by western
blotting. (B) Cells were treated with compds for 6 h during LPS (1 ug/
mL) activation. The mRNA levels for iNOS, COX-2, and f-actin
were determined by reverse transcription—polymerase chain reaction
from total RNA extracts. The relative intensity of iNOS/COX-2 to f-
actin bands was measured by densitometry. Data are mean=xSD
values of three individual experiments. P <.01, significant difference
from LPS alone for *iNOS and *COX-2.

Inhibition of NF-kB transcriptional activity by sulfur
compounds via the suppression of I-kBo. degradation
and nuclear translocation of p65

in LPS-stimulated macrophages

To reveal the molecular mechanism of the suppression of
LPS-induced pro-inflammatory enzyme and cytokine ex-
pressions by the sulfur compounds 1-4, the transcriptional
activity of NF-xB was determined by using a reporter gene
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B-actin
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FIG. 3. Effects of sulfur compds 1-4 on the LPS-induced inflam-
matory cytokines in RAW 264.7 macrophages. Cells were stimulated
with LPS in the presence or absence of compds for 8 h. The levels of
interleukin (IL)-1p, IL-6, and tumor necrosis factor-o. (TNF-o)
mRNAs were determined by reverse transcription—polymerase chain
reaction analysis. ;-Actin was used as an internal control. Images are
representative of three independent experiments that showed similar
results.

assay system. NF-xB is an important transcription factor
complex controlling the expression of cell survival genes as
well as pro-inflammatory enzymes and cytokines such as
iNOS, COX-2, TNF-a, IL-1f, and IL-6.>* T-RAW 264.7
cells, a murine macrophage cell line transfected by pNF-xB-
SEAP-NPT reporter construct, were treated with com-
pounds 1-4 and/or LPS (1 pug/mL) for 16 h. As shown in
Figure 4A, LPS treatment increased the SEAP activity
by the transcriptional activation of NF-xB in T-RAW
264.7 cells. Compounds 1-4 significantly suppressed the
LPS-induced NF-kB activation at 20 uM concentration. This
result suggests that sulfur compounds 1-4 have a suppres-
sive effect on the activation of NF-xB, which regulates
the expression of pro-inflammatory genes in activated
macrophages.

Next, we checked whether the active sulfur compounds
affect the LPS-induced I-xkBo degradation. NF-kB, com-
posed of p50 and p65 subunits, is located in the cytoplasm as
an inactive p50/p65 dimer that is physically combined with
I-kB.*> In response to pro-inflammatory stimuli, I-xB is
phosphorylated, ubiquitinated, and rapidly degraded to re-
lease and activate p50/p65. Active NF-kB (p50/p65 dimer)
translocates to the nucleus and induces the expression of
pro-inflammatory genes.*> The I-kBo was fully degraded by
a 15-min incubation with LPS (1 pug/mL) and regenerated
gradually afterwards (data not shown). As shown in Figure
4B, the LPS-induced degradation of I-xBo. was suppressed
by the treatment of 20 uM compounds 1-4 for 15 min. We
also investigated whether the compounds prevented the
nuclear translocation of the p65 subunit of NF-xB after its
release from I-xkBo. Treatment with compounds 1-4 de-
creased the level of nuclear p65 as shown in Figure 4C.
Poly(ADP-ribose) polymerase was used as a loading con-
trol of nuclear extract in the immunoblot experiment.
Taken together, these observations indicate that sulfur
compounds 1-4 decrease LPS-induced NF-xB activation by
inhibiting the I-xBa degradation and nuclear translocation
of NF-kB (see also Supplementary Fig. S3).
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Suppression of phosphorylation of mitogen-activated
protein kinases by sulfur compounds in LPS-stimulated
RAW 264.7 cells

The mitogen-activated protein kinase (MAPKSs) pathways
are implicated in the up-regulation of LPS-induced expres-
sion of pro-inflammatory mediators in macrophages.***” To
investigate whether the inhibition of compounds 1-4 against
NF-xB activation is mediated through the MAPKs pathway,
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we observed their effects on the LPS-induced phosphory-
lation of MAPKSs such as p38, c-Jun amino-terminal kinases
(JNKSs), and extracellular signal-regulated kinases (ERKSs).
Cells were pretreated with compounds 1-4 for 30 min and
then stimulated with LPS (1 pug/mL) for 15 min. As shown in
Figure 5, the phosphorylations of p38, JNK, and ERK were
increased by the LPS stimulation. Treatment with com-
pounds 1-4 reduced the LPS-induced phosphorylation of p38
and ERK, whereas phosphorylation of JNK was not changed.
Nonphosphorylated p38, INK, and ERK were not affected by
the treatment of LPS and/or sulfur compounds from garlic.
The data above suggest that the suppressed phosphorylation
of p38 and ERK by sulfur compounds 1-4 may play a part in
their inhibition of LPS-induced NF-kB activation and pro-
inflammatory responses in RAW 264.7 cells.

DISCUSSION

Garlic (A. sativum L.) is a common spice for cooking and
also a popular herbal remedy for the treatment of wide va-
riety of health problems, including infection, cancer, and
cardiovascular and inflammatory diseases. Garlic is rich in
sulfur-containing compounds, which are responsible for the
most of its biological activities.*®

Our previous study showed that garlic extract exerted
anti-inflammatory activity by inhibiting Toll-like receptor-
mediated signaling pathways at the receptor level.> In the
present study, we isolated four sulfur compounds, 1-4 (Fig.
1), exhibiting anti-inflammatory properties through activity-
guided procedures. The structures were identified as Z and £
isoforms of ajoene and oxidized sulfonyl ajoene with a
diallyl disulfide backbone. We investigated their inhibitory
effects on inflammatory responses in LPS-activated RAW
264.7 macrophages.

During inflammatory responses, the activation of mac-
rophages contributes to host damage by excessive release of
various inflammatory mediators such as NO and PGE, and
of pro-inflammatory cytokines such as IL-1f, IL-6, and
TNF-«. Many studies have demonstrated that the over-
expressions of these inflammatory mediators and cyto-
kines are responsible for many chronic inflammatory
diseases such as diabetes, atherosclerosis, and rheumatoid

<
FIG. 4. Sulfur compounds 1-4 from garlic suppress the activation
of nuclear factor-xB in LPS-stimulated macrophages. (A) Effect of
sulfur compounds on LPS-induced nuclear factor-«xB transcriptional
activation in T-RAW cells. T-RAW cells were treated with compds
for 2h prior to stimulation by LPS for 16h. Data are mean=®SD
values of three individual experiments. *P <.01, significant differ-
ence from LPS alone. SEAP, secretory alkaline phosphatase. (B, C)
Effect of sulfur compounds on (B) inhibitory-xBa (I-xBa) degrada-
tion and (C) p65 translocation to the nucleus in LPS-stimulated RAW
264.7 macrophages. Cells were pretreated with compds for 30 min
prior to LPS treatment for 15 min. Cytoplasmic and nuclear extracts
were prepared for the western blotting of I-xBa and p635, respectively.
Images are representative of three independent experiments that
showed similar results. The relative intensity of (B) I-kBo/f-actin
bands and (C) p65/poly(ADP-ribose) polymerase (PARP) bands was
measured by densitometry. Data are mean+ SD values of three in-
dividual experiments. *P < .01, significant difference from LPS alone.
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FIG. 5. Effect of sulfur compds 1-4 on LPS-induced activation of
mitogen-activated protein kinases in LPS-stimulated RAW 264.7
cells. Cells were pretreated with compds for 30min prior to LPS
stimulation. After treatment with LPS for an additional 15 min, proteins
were extracted, and the levels of phosphorylated p38, c-Jun amino-
terminal kinase (JNK), and extracellular signal-regulated kinase (ERK)
were analyzed by western blot. Images are the representative of three
independent experiments that shows similar results. The relative in-
tensity of phospho-p38 (p-p38)/p38, phospho-JNK (p-JNK)/JNK, and
phospho-ERK (p-ERK)/ERK bands was measured by densitometry.
Data are mean+SD values of three individual experiments. P<.01,
significant difference from LPS alone for *p-p38 and *p-ERK.

arthritis.’*3**! We demonstrated the inhibitory effect of
sulfur compounds 1-4 on the production of the pro-in-
flammatory mediators NO and PGE; (Table 1) and also their
suppression of iNOS and COX-2 expression (Fig. 2) in the
LPS-activated macrophage culture system. Moreover, the
levels of IL-1f, IL-6, and TNF-o2 mRNAs were attenuated
by compounds 1-4 in activated RAW 264.7 macrophages
(Fig. 3). These data suggest that sulfur compounds 1-4 are
the major anti-inflammatory principles of garlic. In the
present study, we found that ajoenes as well as their oxi-
dized derivatives showed strong anti-inflammatory activity
and that Z-ajoene (1) is the most potent among them.
Yoshida et al.*> demonstrated that Z-ajoene exhibits an
antimicrobial activity at least twofold higher than that of the
E isomer. The Z-ajoene isomer is also reported to be more
potent than its £ isomer for antithrombotic activity and the
inhibition of cancer cell proliferation.?®***> The study of
Block et al.?® was undertaken to compare the antithrombotic
activity of two ajoene isomers and its homologs. It has been

suggested that Z-ajoene and its homologs are more active
than E isomers, and these activities are retained upon the
oxidation of the sulfonyl derivatives of ajoene but are lost
upon reduction of the sulfinyl group to a sulfide group. These
trends are also observed in the present study, suggesting that
Z-ajoene exhibits more potent anti-inflammatory activity than
the E isomer and that the oxidized derivatives of ajoene also
possess significant anti-inflammatory activity.

NF-xB is a master switch for the regulation of pro-in-
flammatory genes, including IL-1f, IL-6, and TNF-¢, as
well as the hallmarks of inflammation, NO and PGE,.** NF-
kB is present in cytoplasm as a heterodimer consisting of
p50 and p65, which are bound by I-kB« in resting macro-
phages. Upon activation by proper stimulation, phosphory-
lation and degradation of I-xBa release the p50/p65
complex. The released NF-kB translocates to the nucleus
and regulates the transcription of target genes through the
binding to specific sequences in the DNA.? We observed
that sulfur compounds 14 from garlic decreased the LPS-
induced nuclear accumulation of the p65 subunit of NF-xkB
through the inhibition of I-kBa degradation (Fig. 4B and C).
This suggests that garlic compounds inhibit the transcrip-
tional activity of NF-xB and stabilize I-xBo, thereby sup-
pressing the nuclear translocation of NF-«kB (Fig. 4A).

The MAPKs signaling pathways are involved in LPS-
induced iNOS and COX-2 expression in activated macro-
phages. Moreover, it has been demonstrated that MAPKs
play critical roles in the activation of NF-xB.*® However,
they seems be differently involved in the response of anti-
inflammatory compounds in macrophages.*’*® In the pres-
ent study, the four sulfur compounds were found to inhibit
the phosphorylation of p38 and ERK, but not that of JNK, in
LPS-activated RAW 264.7 macrophages (Fig. 5).

When the data are taken as a whole, the four sulfur
compounds 1-4 from garlic significantly suppressed the
production of inflammatory mediators such as NO and PGE,
and the expression of IL-1f, IL-6, and TNF-oo mRNAs. They
also decreased mRNA and protein levels of iNOS and COX-
2 by the suppression of LPS-induced NF-xB activation, and
they also decreased the phosphorylation of p38 and ERK.
These sulfur compounds, the ajoenes and their oxidized
analogs from garlic, may be promising therapeutic agents
for the treatment of inflammation-related diseases.
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