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Modulation of Cytokine Secretion by Garlic Oil Derivatives Is
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Stimulated Macrophages
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We previously described that garlic oil derivatives differentially suppress the production of nitric oxide
(NO) and prostaglandin E, (PGE,) in activated macrophages. In the present study, we investigated
the effects of the garlic derivatives, diallyl sulfide (DAS), diallyl disulfide (DADS), and allyl methyl
sulfide (AMS), on cytokine production in lipopolysaccharide (LPS)-stimulated RAW 264.7 cells, and
the association between modulation of cytokines and inhibition of NO production was also assessed.
The results indicated that these garlic compounds had different effects on the secretion of activated
cytokines, including proinflammatory tumor necrosis factor-o. (TNF-a), interleukin (IL)-14, and IL-6,
as well as the antiinflammatory, IL-10. DAS inhibited the production of all stimulated cytokines in a
concentration-dependent manner, and the inhibition was closely associated with the suppression of
NO and PGE, production. DADS repressed the production of stimulated TNF-a and IL-10 and
increased the production of activated IL-13 and, to a lesser extent, IL-6; but only the decreased
IL-10 production was associated with DADS-induced NO inhibition. Yet, the DAS- and DADS-
suppressed NO production was independent of TNF-a.. AMS, on the other hand, slightly suppressed
the stimulated TNF-o. but enhanced IL-10 production, and such modulation was closely associated
with the decrease in NO production.
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INTRODUCTION in antipathogenic processes and are well-regulated. However,
different pathological conditions, such as chronic inflammation,
autoimmune diseases, and cancer, are closely associated with
the production of excess amounts of NO and RGHEd

Garlic (Allium satvumL.) has been widely used as a flavoring
agent and as a traditional medicine to treat diseases including

microbial infections, hyperlipidemia, and heart diseade&). inappropriate expression of cytokinek0(13). Hence, agents

Recently, more attention has been paid to its anticarcinogenicthat regulate the production of various cytokines and suppress
and immunomodulatory effects {3). A variety of organosulfur the overproduction of NO and PGEay have protective roles

compounds isolated from various preparations have beenin inflammation-related diseases
identified as being responsible for the biological effects of garlic. o o y )

For example, diallyl sulfide (DAS), diallyl disulfide (DADS), There is increasing interest in using _nat_ural products to
allyl methyl sulfide (AMS), and diallyl trisulfide (DAT) are modulate immune responses and neutralize mflamm_atory pro-
principal compounds in garlic oiB-allyl cysteine (SAC) isthe ~ CESSes b_ecause of the fewer effects and lower cytotox@mas ( .
major compound in aged garlic extra® ©); and allicin is We previously reported that thg pr|n(:|pal components in garlic
mainly present in the aqueous garlic extrait Many of these ~ Cil, DAS, DADS, and AMS, differentially suppress NO and

organosulfur compounds have been identified as playing protec-PGE production in LPS-activated macrophages, in which all
tive roles in carcinogenic processes (4). three compounds suppress stimulated NO production, but only

Macrophages play an important role in host defense against®AS inhibits PGE production (14). Because cytokines can be

infection and cancer. Activation of macrophages by stimuli, such |nd_uced _by LPS treatment and be_cause NO andfpEffluced
as lipopolysaccharide (LPS), increases the production and by inducible nitric oxide synthase (iNOS) and cyclooxygenase-2

secretion of numerous inflammatory mediators, including nitric (COX.'Z)’ rgspectively, can be regulgu_ad by a variety of
oxide (NO), prostaglandin HPGE,), and a variety of cytokines. .cyt(.)k.mes, this study was almgd gt examining the gffects of'these
Under physiological conditions, these mediators are involved individual components in garlic oil on the production of various
cytokines, including TNF-a, IL-14, IL-6, and IL-10, in LPS-
activated RAW 264.7 cells. Moreover, the association between
*To whom correspondence should be addressed. Phone: 886-2-

27361661 ext. 6555-118. Fax: 886-2-27373112. E-mail: yuehwa@ the sup_pression of NO _progjuction and modulation of cytokine
tmu.edu.tw. production by these derivatives was also assessed. Results from
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this study may increase understanding of how compounds from(A) 150
garlic modulate immune function and how these compounds
might be used in the treatment of inflammation-related diseases.

EINF« @I B2Il6  OlL-10

100
MATERIALS AND METHODS

Chemicals and BiochemicalsDAS, DADS, LPS, sulfanilamide,
N-(1-naphthyl)ethylenediamine dihydrochloride, and sodium nitrite were
commercially obtained from Sigma Chemical (St. Louis, MO). AMS
was from ACROS (Fairlawn, NJ), and absolute ethanol was purchased <
from Merck (Darmstadt, Germany). Dulbecco’s modified Eagle medium 2,0 e
(DMEM) and fetal bovine serum (FBS) were purchased from GIBCO ol—"-0 — Kl
(Grand Island, NY). Recombinant murine TNFGTNF-a) was from P - - + + + + +
PeProTech EC (London, U.K.). All other laboratory chemicals were ;.50 - 10 _ 4 2 5 0
of the highest quality available and were purchased from Sigma and
USB (Cleveland, OH). (B) 30

Cell Culture. Murine monocyte-macrophage RAW 264.7 cells were mTNFa @l-1B @6 OI-10
obtained from the Culture Collection and Research Center, Hsinchu, 250 R
Taiwan (CRCC 60001). Cells were grown as monolayers in DMEM
supplemented with 10% FBS at 3T in an atmosphere of 95% air
and 5% CQ. DAS, DADS, and AMS were dissolved in absolute
ethanol, and the concentration of absolute ethanol added to the media
never exceeded 0.2% (v/v). Because DAS 10 uM), DADS (0.1—
0.2uM), and AMS (2-20uM) inhibited LPS-activated NO production
and showed no significant cytotoxicit§4), these concentrations were
used in this study.

Assay for Cytokine Production and Release.The cytokines 2 jél
released into culture medium were determined by commercial cytokine
ELISA kits (Amersham Biosciences, Buckinghamshire, England).
Basically, cells were treated with LPS and various concentrations of
DAS, DADS, and AMS for 24 h, and the cultured medium was then

50

ercent of the LPS control

a

200

150

100

percent of the LPS control

50

LPs -
DADS (uM)

collected for the analysis of cytokines according to the manufacturer’s (C) 250
instructions.
Assay for Cytotoxicity. The viability of cells was examined with a S 200 |
CellTiter 96 Aqueous One Solution Cell Proliferation Assay kit £
(Promega, Madison, WI). Basically, cells were treated with LPS and 8
various concentrations of DAS, DADS, and AMS for 24 h and then é’ 150 |
were harvested to test for cytotoxicity. Live cells convert 3-(4,5-di- g
methylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyh}- 2 5
tetrazolium (MTS) to a formazan dye that can be detected ab QP g 100 ¢
by a microplate reader. g
Assay for NO and PGE: Production and Release.The nitrite 2
concentration in the culture medium was determined as an index of 50 1
NO production. Nitrite was quantified spectrophotometrically after its
reaction with Griess reagent (1:1 mixture of 1% sulfanilamide/5%6 H
PO, and 0.1% naphthylethylenediamine dihydrochloride) using sodium
nitrite as a standard (15). The production and release of,RGthe LPS - - + + * *
culture medium were determined using a commercial PEIR kit AMS (M) - 20 - 2 10 20
(Amersham Biosciences). Figure 1. Effects of DAS (A), DADS (B), and AMS (C) on LPS-activated

Statistical Analysis.Values are expressed as the meastandard — cytokines released into the medium by RAW 264.7 cells. Cells were co-
deviation (SD), and were analyzed using SAS software version 6.12 yeqteq yith LPS (330 ng/mL) and various concentrations of DAS, DADS,
(SAS Institute, Cary, NC). One-way ANOVA followed by Fisher's east and AMS for 24 h. The levels of cytokines in the medium were then

significant difference test as well as Student&est were used to determined usi ial ELISA kits. Val tth +
determine statistical differences between groups. Pearson’s correlation elermned using commercia I1S. Values represent e mean x

analysis was used to analyze the association between the productioroD from three measurements (labeled a—e). Data in the same cytokine
of NO and various cytokines. The significance of mean differences 9roup with different labels significantly differ (p < 0.05).
was based on p value of <0.05.

RESULTS
Effects of DAS, DADS, and AMS on Cytokine Production.

dependent manner. On the other hand, DADS suppressed the
production of TNFet and IL-10 but enhanced the production

of IL-13 and, to a lesser extent, IL-6 in macrophages stimulated
with LPS (Figure 1B). Co-treatment with AMS showed a more-

The effects of DAS, DADS, and AMS on the production and diverse response to activated cytokine production. AMS slightly
release of cytokines were examined by ELISA assay kits. None inhibited TNF-o.but enhanced IL-10 production in stimulated

of the cytokines was affected by treatment with DAS, DADS, macrophages. In addition, activated I|B-Iproduction was
or AMS for 24 h, but production of the proinflammatory enhanced by a low concentrationy®1) but inhibited by a high
cytokines, TNF-a, IL-14, and IL-6, as well as the antiinflam- concentration (2@M) of AMS, and stimulated IL-6 production
matory cytokine, IL-10, was enhanced by LPS treatment in was also slightly enhanced by 101 of AMS (Figure 1C).
RAW 264.7 cells (Figure 1). As shown irFigure 1A, Effects of DAS, DADS, and AMS on NO and PGE

co-treatment with DAS inhibited the increased production of Production. To understand whether the modulation of activated
both pro- and antiinflammatory cytokines in a concentration- cytokine production by these garlic derivatives is associated with
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(A) 175 50
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g 125 % f d N hij ghi
S 100 ——t S s
s Ty ’ 2
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o
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0
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DAS (pM) - - 1 2 5 10
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(B) 175 DAS (uM) 1 5 10 -
S 150 DADS (M) - - - - - - 02
g 125 ¢ . Figure 3. Effects of rTNF-a. on LPS-activated NO released into the
% 100 ¢ o medium by RAW 264.7 cells. Cells were treated with LPS (100 ng/mL)
§ 75 and various concentrations of DAS or DADS for 24 h. Recombinant TNF-o.
2 . (10 ng/mL) was either added together with LPS (cotreat) or added in 24
g > h LPS-treated cells for another 4 h (post 4 h) or 8 h (post 8 h). The nitrite
&% content in the medium was then determined using the Griess reagent.
0 Values represent the mean + SD from three measurements (labeled a—m).
LPS - + + + + Data with different labels significantly differ (p < 0.05).
DADS (UM) - - 0.1 0.15 02 o . _
Table 1. Relationship between the Production of Cytokines and NO
ORE (A) or PGE; (B) in RAW 264.7 Cells Co-treated with LPS and DAS,
15p | MNitte C—IPGE2 —#=cell viabity, * DADS, or AMS for 24 h
g 125 (A)NO
g 100 DAS DADS AMS
?—: ? pvalue ? pvalue P pvalue
= 75 F
é TNF-a 079325  0.00122  0.37325 0.2321 0.804 84  0.0160°
& 0t IL-1 0.67257  0.00842 -0.55886 0.0739 0.19315 0.6782
IL-6 0.84878  0.0005¢ -0.5679  0.0684 —0.54229 0.2085
25 r IL-10 0.956 25 <0.00012 0.88101 0.0002¢ -0.85977 0.00622
0 PGE, 0.85371  0.00012 0.22715 04777 0.15033 0.7233
LPS - * * * * (B) PGE,
AMS (UM) - - 2 10 20
. . DAS DAS
Figure 2. Effects of DAS (A), DADS (B), and AMS (C) on LPS-induced - -
cell viability and release of NO and PGE; into the medium by RAW 264.7 ¢ p value ¢ p value
cells. Cells were treated with LPS (330 ng/mL) and various concentrations TNF-a 0.869 18 0.00012 IL-10 0.861 28 <0.00012
of DAS, DADS, and AMS for 24 h. The nitrite content in the medium was :té ggg? Llé 8833%2 NO 085371 0.0001%
then determined using the Griess reagent; the PGE, concentration and - ' '
cell viability were measured using commercial ELISA kits. Values represent ?p<00L °p <005
the mean = SD from three measurements (labeled a—e). Data in the
same parameter with different superscripts significantly differ (p < 0.05). To determine whether there was an association between the
An asterisk (*) denotes a significant difference from the LPS control (p < modulated cytokines and the decreased NO production, Pear-
0.05). son’s correlation analysis was performed. As showiT aible
1, the DAS-induced suppression of NO and B@/as strongly
other inflammatory mediators, the secreted NO and P@ge associated with the decreased production of cytokines, whereas

measured under the same conditions. Consistent with the resultdN€ DADS-induced inhibition of NO was only correlated with
we reported previouslyl@), treatment of RAW 264.7 cells with decreased IL-10. Additionally, inhibition of NO by AMS was

L PG . positively correlated with TNF-ogproduction and showed an
LPS for 24 h significantly enhanced NO and ductions, inverse relationship with IL-10 production. The results suggest

. .ol
but co-treatment with DAS suppressed such enhanpement, Whl.cqhat these inflammatory mediators may be co-regulated by garlic
demonstrated the same pattern as that observed in the cytokin erivatives, especially DAS, and that modulated cytokine

_me_asurementFqu_re 2A). Similarly, D_ADS and AMS als_o production may be involved in the NO-suppressive effects of
inhibited LPS-activated NO production. However, neither noqe garlic derivatives. However, addition of rTNFdid not
DADS nor AMS affected the LPS-activated P&roduction, alter the DAS- or DADS-suppressed NO production. As shown
which was slightly enhanced at lower concentratiofig)fre in Figure 3, rTNF-o. (10 ng/mL) stimulated NO production in
2B,C). Additionally, most of the concentrations of DAS, DADS,  ntreated RAW264.7 cells and slightly enhanced NO production
or AMS showed no cytotoxicity to LPS-treated cells, except in 4 h and 24 h post-LPS-treated cells. On the other hand, rTNF-
that 0.2 uM DADS slightly inhibited LPS-stimulated cell o, no matter treated together or posttreated with LPS, did not
growth, suggesting that the inhibition of cytokines by these garlic reverse the decreased NO production induced by DAS or DADS
derivatives was not due to cell death. Moreover, AMS slightly in activated macrophages, indicating that the DAS- and DADS-
enhanced the proliferation of activated macrophages. suppressed NO production were independent of TNF-a.
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DISCUSSION

In the present study, we demonstrated that DAS, DADS, and
AMS, individual bioactive components in garlic oil, had
different effects on the production of cytokines in LPS-activated
macrophages. DAS inhibited both pro- and antiinflammatory
cytokines, including TNFe, IL-£3, IL-6, and IL-10, in stimulated
macrophages. DADS enhanced proinflammatory cytokings IL-
and IL-6 but suppressed antiinflammatory cytokine IL-10,
indicating the effect of DADS may be more toward proinflam-

mation. On the other hand, AMS, to a lesser extent, decreased

production of NO and TNFe in activated macrophages but
significantly enhanced IL-10 production, suggesting that AMS
may be a potential antiinflammation compound. Although the
effects of garlic extracts on cytokine production in vivo are
limited, a number of studies have indicated that its extracts are
able to modulate cytokine secretion in different cell systems.

Aged garlic extract has been shown to increase the release o

IL-2, IL-12, TNF-o, and IFN¥ from mouse splenic cell].
Fresh garlic extract suppresses monocyte production of TNF-
a, IL-1a, IL-6, and IL-8 but enhances IL-10 production in LPS-
stimulated human whole-blood culturds$). Furthermore, Keiss

et al. (L7) indicated that garlic powder extract angfll DADS,

a higher concentration than we used, reduced the LPS-induce
production of TNFet and IL-13 in human whole blood, yet
garlic powder extract did not affect IL-10 secretion. Therefore,
although the effect of DADS, at concentration ranges of0.1
0.2uM, on cytokine regulation, is more toward proinflammation,
the net effect in garlic seems to be more antiinflammation. On

the other hand, these results also suggest that the immuno-

modulatory effects of garlic (618) may, at least partially, act
through alteration of the production of various cytokines by the
individual components of garlic (DAS, DADS, and AMS).
However, these possibilities need to be further investigated.

Previously, we have shown that all three garlic derivatives
suppressed activated NO productidd), but they had a more-
distinct effect on the production of cytokines, indicating the
complexity of the system. NO is a small radical molecule that
is synthesized from-arginine by nitric oxide synthase (NOS)
in various cells and tissue9). Among the isoforms identified,
the inducible form (iINOS) is primarily expressed in macro-

phages and lymphocytes and is regulated by various modulators

including different cytokines. Proinflammatory cytokines, such
as TNF-aand IL-1f (10, 20), act as stimulators, whereas
antiinflammatory cytokines, including IL-10, have been reported
to be negative regulators of NQX). Similarly, PGE is also
synthesized by cyclooxygenase-2 (COX-2) during infection and
is inducible after exposure to LPS and cytokin&8)( Because
LPS and proinflammatory cytokines are able to stimulate the
transcription of iINOS to enhance NO production and because
antiinflammatory cytokines may inhibit NO production, it is
conceivable that the NO-inhibitory effect of these compounds
may occur through suppressed production of the proinflamma-
tory cytokines, TNFe, IL-3, and IL-6, or through increased
production of antiinflammatory cytokine, IL-10. However,
although the decreased production of LPS-stimulated NO,
cytokines, and PGEby DAS was highly associated, addition
of TNF-a did not reverse the suppression, suggesting that the
NO-inhibitory effects of DAS and DADS were not dependent
upon TNF-a. Additionally, DAS and DADS significantly
inhibited the stimulated production of IL-10, which has been
shown to inhibit interferons-stimulated NO production2(l),

so IL-10 may not play a critical role in DAS- and DADS-
induced NO inhibition in LPS-activated macrophages. Moreover,
pro- and antiinflammatory cytokines are co-regulated; they may
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act additively or synergistically to affect the NO production.
Finally, not only can cytokines modulate NO production but
also may NO modulate the secretion of cytokines. NO has been
shown to modulate the production of IL-2 and IFNsy T cells

(20) as well as TNFx and IL-1p in activated alveolar
macrophage<@), and this may partially explain the differential
effects of garlic derivatives on production of cytokines. Because
the NO-inhibitory effects of DADS and AMS are less potent
than that of DAS, the residual NO in the culture medium may
thus affect the secretion of various cytokines.

A 1 g amount of garlic bulb would provide a dose 0f-30
100 ug of DAS, 530-630 ug of DADS, and 3.84.6 ug of
AMS (23). Ideally, without considering digestion and absorption,
this dose of garlic would produce approximately G-@518,
0.74—0.85, and 0.009—0.04M of plasma DAS, DADS, and
AMS concentrations, respectively, in a 70 kg person based on

A blood volume in the adult human that comprises 7% of body

weight. These concentrations of DAS and AMS are much lower
than the concentrations we used in this study, but higher plasma
concentrations may be achieved by taking garlic supplements
which contain higher amounts of these derivatives. On the other
hand, although DADS (0:20.2 M) seems to be more toward

dnroinflammation, a higher concentration (@M) has been

reported to inhibit LPS-induced production of TNFand IL-

18. Therefore, usual dietary consumption of garlic or its
supplements would be beneficial in terms of its inhibitory effects
on excess of NO and PGlproduction as well as its regulatory
effects on cytokine production.

In conclusion, we have demonstrated that DAS inhibits the
production of TNFe, IL-1, IL-6, and IL-10 in LPS-stimulated
macrophages, and the inhibition is closely associated with the
suppressed NO and PGEDADS repressed the production of
stimulated TNF-aand IL-10, increased the production of
activated IL-15and, to a lesser extent, IL-6, but only the
decreased IL-10 production was associated with DADS-induced
NO inhibition. AMS, on the other hand, slightly suppressed the
stimulated TNFe. but enhanced IL-10 production, and such
modulation was closely associated with the decreased NO
production. Various pathways have been suggested for the
anticarcinogenic activity of garlic oil, including modulation of
xenobiotic-metabolizing enzyme activitie®4—26), inhibition

'of DNA adduct formation 27), induction of apoptosis2g),

modulation of immune functions5§, and antioxidation 9).
Because immunomodulation plays an important role in cancer
development (13), the results obtained from this study provide
an alternative protective mechanism of garlic oil.
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