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The Antioxidant Properties of Garlic Compounds:
Allyl Cysteine, Alliin, Allicin, and Allyl Disulfide
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ABSTRACT Garlic and garlic extracts, through their antioxidant activities, have been reported to provide protection against
free radical damage in the body. This study investigated antioxidant properties of garlic compounds representing the four main
chemical classes, alliin, allyl cysteine, allyl disulfide, and allicin, prepared by chemical synthesis or purificatiosc@\iin

enged superoxide, while allyl cysteine and allyl disulfide did not react with superoxide. Allicin suppressed the formation of
superoxide by the xanthine/xanthine oxidase system, prokibéythiol exchange mechanism. Alliin, allyl cysteine, and al-

Iyl disulfide all scavenged hydroxyl radicals; the rate constants calculated based on deoxyribose competitive assay were
1.4-1.7X 100, 2.1-2.2x 10°, and 0.7-1.5¢ 10'° M~1 second?, respectively. Contrary to previous reports, allicin did not
exhibit hydroxyl radical scavenging activity in this study. Alliin, allicin, and allyl cysteine did not prevent induced microso

mal lipid peroxidation, but both alliin and allyl cysteine were hydroxyl scavengers, and allyl disulfide was a lipid peroxida-
tion terminator. In summary, our findings indicated that allyl disulfide, alliin, allicin, and allyl cysteine exhibit diffatent

terns of antioxidant activities as protective compounds against free radical damage.
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INTRODUCTION fense system is unable to cope with the insulting radicals,
the unreacted radicals may react with the cellular compo-
nents, leading ultimately to the peroxidation of membrane

. , X lipids, enzyme deactivation, damage of DNA bases, and cell
inflammation, tumor promotion, and atherosclerdsfs. death® 1415 For this reason, it is important to protect the

These radicals may be derived from metabolism of xenobi-body from excessive radical damdge.

otics, as by-products of the normal metabolic pathways or Ggrjic a common culinary ingredient has been used for
originating from the environmefit? These highly reactive  \aicinal purposes from ancient tin#éd” It exerts vari-
radicals can react with biological molecules such as memq o biological effects such as lowering cholesterol lev-
branes and DNA, which may ultimately lead to cell death.els’lg_m inhibiting platelet aggregatid®24 and tumor

However, they are also formed endogenously to perform bi'growth 25-27gntiviral and antibacterial activig?-3%and an-

ological functions. For example, some cell types such as;m tagenic activity? Its effects on enzyme systems include
macrophages and leukocytes generate superoxide aniongeation of glutathion& transferas@8-32inhibition of cy-
during an oxidative burst, which are subsequently converteq,nrome P-450 reductad®and elevation of lactate dehy-
to hypochlorous acid by myloperoxidase as the toxicant toyqgenase activity*2>Recent studies have shown that gar-
defend the body from invading microorganistriéln addi- ¢ affords protection against lipid peroxidation, suggesting
tion, superoxide anions released by fibroblasts have beeg may attenuate the development of atheroscle?stS.
s_ug%isited to play a role in cellular or subcellular func-Gajic and other lipophilic antioxidants, such as butylated
gon. ~Excessive o>_<|dantddamage is prevented m_éhe bgdyhydroxytoluene (BHT) and probucol, have also been demon-
y various enzymatic and non-enzymatic antioxidant de-girateqd to prevent oxidation of the lipid components of low-
fense systems such as superoxide dismutase, catalase, g Snsity lipoproteing®-—44
tathlog_e pej(rjomdasel, glgtathllorﬁrt]r_ansf%aészel,g;Jr}!c gmd, Although there are numerous reports on antioxidant activ-
ascorbic acid, ceruplasmin, glutathione,®tc=Afthe de-  ja5 of garlic, a majority of them were carried out using crude
compounds or garlic extra¢t3844In the present investiga-
tion however, alliin and its analogues, allyl cysteine, allicin,
and allyl disulfide, representing the four classes of compounds
commonly found in garlic or garlic preparations, were pre-
Address reprint requests to: Lip Yong Chung, Department of Pharmacy, Faculty of Med- pared and evaluated for their Scavenging activities on super-

icine, University of Malaya, 50603 Kuala Lumpur, Malaysia, E-meliungly@hot- B . . .
mail.com or chungly@ummc.edu.my oxide, hydroxyl radical, and hydrogen peroxide, and for their

FREE RADICALS HAVE BEEN IMPLICATED in various patho-
physiological conditions, which include aging, toxicity,
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@ > ability to prevent microsomal lipid peroxidation (Fig. 1). The  Allyl cysteine Analysis gave the following results: yield,
pro-oxidant activities of the garlic compounds were also tested50% (colorless to white crystalline plates); melting point,
by measuring the formation of hydrogen peroxide as some217-219°C;H NMR (D,0), 6 3.0 (2H, d,—*CH»-S-C-C-
antioxidants such as ascorbic acid have been demonstrated {€OOH][NH,]), 3.2 (2H, d, -C-S-*CH-C - [COOH][NHJ]),
undergo autooxidation in certain conditidfag® 3.9 (1H, t, -C-S-C-*CH [COOH][NH,]), 5.3 (2H, d,

*CH21=C—C-S—), 5.6-6.1 (1H, m, €*CH-C-S-); FT-IR

— +
MATERIALS AND METHODS (em™), 2940 (NR™), 1600 (COO).
Mannitol, ascorbic acid, uric acid, catalase (from bovine  (+)-Alliin/( +)-S-allyl-L-cysteine sulfoxidénalysis gave
liver), superoxide dismutase (from horseradish), xanthinethe following results: yield, 34% (colorless to white crys-
oxidase (grade I, from milk), horseradish peroxidase (HRP)talline plates); melting point, 164-166°&§ NMR (D0),

(type 1), Chelex-100, and other reagents of the highest pu- 3.3 (2H, 2xd, -*CH-S-C-C- [COOH][NH_]), 3.7 (2H, 2x,

rity available were obtained from Sigma Co. Ltd. (Poole, -C-S-*CH,-C - [COOH][NH2]), 4.2 (1H, t, -C-S-C-*CH

Dorset, UK). Allyl disulfide (technical grade) was from [COOH]INH;]), 5.6 (2H, d, *CH=C-C-S-), 5.7-6.1 (1H,

Aldrich Chemical Co. Ltd. (Gillingham, Dorset, UK). m, C=*CH-C-S-); FT-IR (cm%), 3020 (NH'), 1605

(COO0), 1025 (sulfoxide).

Allyl cysteine and alliin o o
_ Allyl disulfide and allicin
The procedures adopted were essentially those ofdberl

al.#” Sodium methoxide [30% (wt/wt) in methanol; 18.01 g]  Allyl disulfide (technical grade) was purified by repeated
was added dropwise to drieecysteine (12.14 g; 0.1 mol)  fractional distillation (second fraction) in high vacuum (1
precovered with sufficient dry methanol in a dried reaction mm Hg). Allicin was prepared by oxidizing purified allyl
flask. The exothermic reaction was carried out in a dry ni- disulfide with 3-chloroperbenzoic acid according to pub-
trogen atmosphere and stirred mechanically until the cys-lished method8?>* The products were analyzed BiA
teine crystals had disappeared. Allyl bromide (12.15 g; 0.1NMR, FT-IR, and TLC, and the spectra were consistent with
mol) was then added slowly to the reaction mixture, and thethe literaturé!=>3
reaction was allowed to proceed for 45 minutes until the for- o . _ _
mation of a white suspension. Sufficient dilute hydrochlo-  Allyl disulfide Analysis gave the following results: yield,
ric acid was added to neutralize the excess sodium methox38% (yellowish-brown oily liquid); boiling point, 190°Ci
ide, methanol was removed from the mixtimeracug and NMR (CDCl), 6 3.3 (4H, d, [G=C-*CH2>-S],), 5.1-5.2 (4H,
a minimum quantity of distilled water was added to dissolve M, [*CHz = C-C-Sp), 5.7 (2H, m, [C=*CH-C-S]2);
the white residue. Silver nitrate (16.99 g; 0.1 mol) dissolved FT-IR (cm™1), 2940 (NH*), 1634 (G=C).
in water was then added to the solution to precipitate the - _ _ _
bromide as a silver salt and removed by filtration under re-  Allicin. Analysis gave the following results: yield, 25%
duced pressure. The filtrate was evaporated to dryiness (yellowish-brown oily liquid);*H NMR (CDCk), 6 3.7 (4H,
vacuq and the residue was redissolved in an acetone-watef, [C = C-*CH>-S}), 5.1-5.6 (4H, m, [*CH = C-C-S}),
mixture to yield crystalline allyl cysteine and then purified 5.8 (2H, m, [=*CH-C-S]2); FT-IR (cnT?), 3020 (NH*),
by repeated crystallization. 1605 (G=C), 1038 (sulfoxide).

Dried allyl cysteine (2.0 g; 0.012 mol) suspended in
glacial acetic acid (50 mL) was cooled and stirred. Hydro-
gen peroxide [30% (wt/vol); 1.496 g] was added dropwise

over 30 minutes, and the reaction proceeded for a further 6( e HeC=CH=C,
minutes. The unreacted hydrogen peroxide was then de":c=H=CH: C—OH /58,
stroyed by the addition of acid-washed activated charcoal, ,/S—CHz—C\\H 0 CH,—CH=CH,
followed by the removal of glacial acetic acid in high vac- © NH,
uum, leaving a residue containing both charcoal and crude Alliin Allicin
alliin. The residue was dissolved in a minimum quantity of
distilled water and filtered to remove the charcoal. Acetone
was then added to the aqueous filtrate and allowed to stanc 2 H,C=CH—CH,
yielding crystalline alliin. Repeated crystallization was car- HC=CH—CH; C—OH \S_S
ried out with acetone-distilled water to purify the)falliin. S—CH,—C._ \ _
: \H CH,—CH=CH,
The products were analyzed by melting pofit, nuclear NH,
magnetic resonance (NMR), Fourier transformed-infrared Allyl cysteine Allyl disulfide

(FT-IR), and thin layer chromatography (TL&)The melt-
ing point and infrared spectrum of alliin were consistent with FIG. 1.  Chemical structures of alliin, allyl cysteine, allyl disulfide,
those reported in the literatug@?’4° and allicin.
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Superoxide scavenging studies the reaction mixtures were immediately withdrawn and as-
sayed for hydrogen peroxide using the scopoletin-HRP pro-
cedure. The hydrogen peroxide assay solution consisted of
50 mM KH,;PO4/KOH buffer (pH 7.4), 0.5uM scopoletin,
and 0.8 unit/mL HRP in a final volume of 3.0 mL. The re-
action was initiated by the addition of HRP. The change in
fluorescence (emission, 320 nm; excitation, 460 nm) of the
reaction mixture with or without prior addition of catalase
represented the hydrogen peroxide content in the test solu-
on, which was derived from a standard hydrogen peroxide
concentration curve.

A spectrophotometric procedure based on superoxide
generation by xanthine/xanthine oxidase was addyted.
The reaction mixture, in a final volume of 3 mL, contained
1 mM disodium EDTA, 0.1 i xanthine, test solution,

3 mM nitro blue tetrazolium chloride (NBT), and 50vn
KH,POy/KOH buffer, pH 7.4. The reaction was initiated by
adding 20uL of xanthine oxidase (1 unit/mL), which gave
an absorbance change of 0.020/minute at 560 nm. Solution
of test compounds (alliin, allyl cysteine, allyl disulfide, al-
licin, uric acid, and ascorbic acid) were freshly prepared,
and the pH was adjusted to 7.4 where necessary. COntrols g s of alliin, allyl cysteine, allicin, and allyl disulfide
without addition of xanthine oxidase were run in parallel to | % - o0 VDA TBA productReaction mi)>/<tures, in
assess the interaction of the test compounds with NBT. Toa final volume of 1.0 mL, consisted of the following
determine the inhibitory effects of test compounds on su- . y

. . . ; e reagents: 20 M KH,PO,/KOH buffer (pH 7.4), 2.8 il
peroxide generation system, the formation of uric acid in the ;
reaction mixture without the addition of NBT was measured deoxyribose, 1M FeCl/100uM EDTA, 1 mM hydrogen

X peroxide, and 10@.M ascorbic acid. The reaction mixtures
spectrophotometrically at 295 nm. were incubated at 25°C for 1 hour; then 1% (wt/vol) TBA
(1 mL) in 0.05M NaOH, 5.6% (wt/vol) TCA (0.5 mL), test
compound (alliin, allyl cysteine, allicin, and allyl disulfide;

The procedure described by Halliwetlal>®was adopted ~ up to 8 nM), and redistilled water were added to the reac-
with minor modifications. Reaction mixtures, in a final vol- tion mixtures to give a final volume of 3.0 mL. The mix-
ume of 1.0 mL, consisted of the following reagents: 20 m ture was heated at 100°C for 30 minutes, and the absorbance
KH-POy/KOH buffer (pH 7.4), 2.8 il deoxyribose, 1gM was was determined spectrophotometrically at 532 nm.
iron (Ill) chloride (FeC})/100 uM EDTA, 1 mM hydrogen
peroxide, 10QuM ascorbic acid, and test compounds (alliin, Reactivity of alliin, allyl cysteine, allicin, and allyl disul-
allyl cysteine, allyl disulfide, allicin, mannitol, and ethanol; fide with TBA to form MDA-TBA productReaction mix-
0-8 mM). Solutions of FeGland ascorbic acid were freshly tures, in a final volume of 1.0 mL, consisted of the follow-
prepared with deaerated water before use. The reaction mixing reagents: 20 M KH,PO,/KOH buffer (pH 7.4), with
tures were incubated at 25°C for 1 hour. The pink chro- and without the presence of 2.8/hdeoxyribose and test
mogen from the oxidatively damaged deoxyribose was de-compound (alliin, allyl cysteine, allicin, and allyl disulfide).
veloped by adding 1 mL of 1% (wt/vol) thiobarbituric acid The reaction mixtures were incubated at 25°C for 1 hour;
(TBA) in 0.05 M NaOH and 1 mL of 2.8% (wt/vol) then 1% (wt/vol) TBA (1 mL) in 0.0%1 NaOH and 5.6%
trichloroacetic acid (TCA), and the mixture was heated at (wt/vol) TCA (1 mL) were added to the reaction mixtures
100°C for 30 minutes. The absorbance of the pink adductto give a final volume of 3.0 mL. The mixture was heated
of malondialdehyde (MDA) and TBA (MDA-TBA) was de- at 100°C for 30 minutes, and the absorbance was measured
termined spectrophotometrically at 532 nm. at 532 nm.

To validate hydroxyl scavenging activity, the potential in-
teraction of hydrogen peroxide and the test compoun_ds, thq_ipid peroxidation studies
inhibitory effect of the test compounds on the formation of
MDA-TBA derivatives from deoxyribose degradation prod- ~ Liver microsomes were prepared from male Wistar rats
ucts and TBA, and the reactivity of the test material with Weighing 200-250 g as previously descriBé@ihe washed

TBA to form MDA-TBA derivatives were assessed, and the microsomal pellet obtained was suspended iflVdsbdium
methods used were as outlined below. phosphate buffer, pH 7.4. Protein concentration of the mi-

crosomal preparation was determined using a modified

Interaction with hydrogen peroxidé&keaction mixtures, Lowry method, with bovine serum albumin as the stan-
in a final volume of 1.0 mL, consisted of the following dard>8
reagents: 20 M KH,POy/KOH buffer (pH 7.4), 1 vl hy- The lipid peroxidation study was based on the procedure
drogen peroxide, and test material (alliin, allyl cysteine, and described by Itohet al>® Microsomes (1.5 mg of pro-
allyl disulfide; 0—8 nM). Solutions of hydrogen peroxide tein/mL) were preincubated with test compound (0.1-6.0
and the materials were made up freshly with Chelex-100-mM) at 37°C for 5 minutes. This was followed by addition
treated redistilled water. The reaction mixtures were incu-of 0.1 nmM ascorbic acid and gM ferrous sulfate to initi-
bated at 25°C for 1 hour as in the hydroxyl scavenging stud-ate lipid peroxidation, and the reaction mixtures (1 mL, fi-
ies. This was followed by the addition of 9 mL of redistilled nal volume) were incubated at 37°C for 3 hours. The reac-
water and thorough mixing. Twenty-microliter aliquots of tion was terminated by the addition of IMTEDTA. To

Hydroxyl scavenging studies
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FIG. 2. (A) Superoxide scavenging (% inhibition of NBT reduction) by alll,(allyl cysteine B), allyl disulfide @), and allicin ©) at
25°C. B) Superoxide scavenging (% inhibition of NBT reduction) by uric 2l @lutathione [(J), mannitol @), and ascorbic acid (concen-
tration, X 1072 mM) (<) at 25°C. Each data point is expressed as me&b(n = 5).

assay for MDA formed during lipid peroxidation, the pro- fide based on NBT reduction assays at 25°C. The superox-
cedure based on TBA described previously was adSfted. ide scavenging activity of allin was significantly greater
The absorbance of the reaction mixture containing MDA- than that of allyl cysteine and allyl disulfide (one-way analy-

TBA adducts was measured at 535 nm. sis of variance; Tukey'post hoccomparisonsp < .05).
The results suggested alliin scavenged superoxide efficiently
Hydrogen peroxide formation but its analogues, allyl cysteine and allyl disulfide, were rel-

. atively inactive. Allyl disulfide was not evaluated above
A procedure based on the decrease in fluorescence of \ because of its low solubility in the agueous assay sys-
scopoletin in the presence of HRP and hydrogen peroxideiem. The low aqueous solubility may contribute to its in-
reported previously was adopt€dThe rea(_:t7|on mixture  apility to scavenge superoxide. Allicin appears to be a mod-
contained, in a final volume of 6 mL,>5 107" M scopo-  grately active superoxide scavenger (Fig. 2A); however, the
letin, test material (alliin and allyl cysteine; 2.5-10MM  rates of NBT reduction and the concomitant inhibition of
and 50 MVl KH,PO/KOH buffer, pH 7.4. The reaction was yyic acid formation (superoxide) were similar (Figs. 2A an

started by adding 6L of HRP (80 units/mL). The reac-  3) The reduction in uric acid formation was probably #
tion was agitated and kept in the dark at 37°C. The change

in fluorescence of the mixture was monitored at time inter-
vals (excitation, 320 nm; emission, 460 nm). The catalase
control consisted of & 10~/ M scopoletin, test material 100+

(2.5-10 nM), 400 units/mL catalase, 0.8 units/mL of HRP, £ 1
and 50 fM KH,POy/KOH buffer (pH 7.4) in a final vol- Q 80
ume of 6 mL. The scopoletin control consisted of 30~/ = |
M scopoletin, test material (2.5-10 mM), and SMm T 5 oA
KH,POy/KOH buffer, pH 7.4. c s ]

The level of hydrogen peroxide formed is indicated by © § 404
the difference in the fluorescence of the reaction mixtures 5 © |
containing test material with and without catalase. The level ‘2 20-
of hydrogen peroxide generated by the test material, ex- £
pressed inM, was derived from a standard concentration 32 ] 7
curve constructed with known concentrations of standard 0 ¥ i

LA I LA B B B

hydrogen peroxide (I¢-10"8 M). 0 2 4 & & 10 12 14 16 18 20

RESULTS Concentration, mM

Superoxide scavenging FIG. 3. Inhibition of uric acid formation by the xanthine/xanthine

. . . .. oxidase system in the presence of alll,(allyl cysteine [(J), allyl
» The results depicted in Figure 2A show the superoxide gisulfide @), and allicin ©) at 25°C. Each data point is expressed

scavenging activity of alliin, allyl cysteine, and allyl disul- as mean- SD (n = 5).
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TABLE 1. CompPARISON OF RATE CONSTANTS FOR HYDROXYL SCAVENGING ACTIVITY OF ALLIIN, ALLYL CYSTEINE,
ALLYL DisuLFIiDE, AND OTHER SCAVENGERS As DETERMINED BY DeEOXYRIBOSE/ TBA AssAy
Rate constant (M~1 s™1) Reference
Alliin 13.8-16.6 x 10° Present study?
41.0-6.0 X 10° Kourounakis and Rekka3":P
Allyl cysteine 2.1-2.2 X 10° Present study?
Allyl disulfide 0.7-1.5 x 10%° Present study?
Allicin NA Present study?
Mannitol 1.0-2.0 x 10° Present study?
1.3-1.4 X 10° Halliwell et al.5®
Ethanol 1.0-1.5 x 10° Present study?
1.2-1.4 x 10° Halliwell et al.5®
Salicyclic acid 6.0-10.0 x 10° Aruoma and Halliwell®3
Indomethacin 9.8-12.0 x 10° Aruoma and Halliwell®3
Ketoprofen 7.3-10.0 X 10° Aruoma and Halliwell%3

> here are consistent with the literature (Table 1).

a8n = 5 experiments. NA, no hydroxyl scavenging activity was detected.
bThe procedure was based on the competitive inhibition by the test compound on the degradation of dimethyl sulfoxide by
hydroxyl.

diated by the inhibitory effect of allicin on xanthine oxidase, the formation of MDA-TBA derivatives from hydroxyl
which suppressed the production of superoxide. Hence, thelamaged deoxyribose and TBA (data not shown). The de-
dose—response NBT reduction is not a result of superoxideoxyribose competition plot of allyl cysteine with hydroxyl
scavenging activity. Allicin has been shown to inhibit en- is linear and hence obeys second-order kinetics. In con-
zymes by affecting sulfhydryl groufs,and this may ex-  trast, the competition plot for alliin is non-linear at high
plain the inhibitory effect of allicin on the enzyme system concentrations (0.5-8.0M) with EDTA/FeCk/hydrogen
to form superoxide. The 50% (median) inhibitory concen- peroxide as the hydroxyl generation system (Fig. 4). At
tration (IGg) of these compounds indicates that alliin low concentrations, both alliin and allyl disulfide followed
(IC50 = 7.1 mM) is significantly less efficient than uric acid second-order kinetics (0.1-0.5vh (Fig. 5). The rate con-
(ICso = 0.67 mM) and ascorbic acid (Kg = 0.01 nM) as stant of the plots suggests alliin and allyl disulfide are sim-
a superoxide scavenger while being only slightly less potentilar in reactivity towards hydroxyl radicals and that both
than glutathione (165 = 6.8 nM). The result also indicates are more efficient than allyl cysteine and other scavengers
that mannitol does not react with superoxide (Fig. 2B). such as mannitol, ethanol, and some anti-inflammatory
To eliminate the possibility of false-positive results, we drugs (Table 1 and Fig. 4). The reaction kinetics for alliin
have examined the effects of alliin, allyl cysteine, allicin, and obtained in this experiment are about 2.5 times lower than
allyl disulfide on the superoxide generation system by mon-
itoring the formation of uric acid. Apart from allicin, other
test compounds did not interfere with uric acid formation, and 54
hence there was no inhibition of xanthine oxidase (Fig. 3). ]
This suggested that the generation of superoxide was unaf
fected by alliin, allyl cysteine, and allyl disulfide, and the pos-
sibility of false-positive results was ruled out.

Hydroxyl scavenging

| Absorbance

The deoxyribose assay usually gives similar results to the
definitive technique of pulse radiolysi$The accuracy and
reproducibility of the deoxyribose method adopted are con-
firmed as the rate constants of ethanol and mannitol obtainec

0 T T T T T T T I T T T T T I T T T 1

1 2 3 4 5 6 7 8 9
Concentration, mM

The hydroxyl scavenging activity assays demonstrated
that alliin, allyl cysteine, and allyl disulfide show high ac-
tivity, while allicin appeared not to react with the hydroxyl
radical efficiently (0.1-0.5 M and 0.5-8.0 i, respec-
>tively) (Figs. 4 and 5). This is unlikely to be a false-posi- g 4. Hydroxyl scavenging by allin®), allyl cysteine [), man-
tive since in the control studies, alliin, allyl cysteine, and al- nitol (), and ethanol (0.5-8.0M) () at 25°C. Each data point is
Iyl disulfide did not react with hydrogen peroxide or affect expressed as meanSD ( = 5).
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Microsomal lipid peroxidation

The formation of MDA-TBA indicates that the occur-
rence of peroxidation in membranes, and the results depigted
in Figure 6 show allyl disulfide protected microsomal rr(@
branes from ferrous sulfate/ascorbic acid-induced lipid per-
oxidation, at concentrations above about 2M,nand its
formation of MDA-TBA was significantly different from
those induced by alliin, allicin, and allyl cysteine and by
the control (microsomes ferrous sulfatet ascorbic acid)
(one-way analysis of variance; Tukeysst hoccompar-
isons,P < .05). Alliin, allicin, and allyl cysteine did not ap-
pear to reduce lipid peroxidation under the same conditions,

' L and their formations of MDA-TBA were similar to that by
0.0 0.1 0.2 0.4 0.5 0.6 the control (microsomes ferrous sulfatet ascorbic acid)
Concentration, mM (one-way analysis of variance; Tukey®sst hoccompar-
isons,P > .05). The positive control (BHT) protected the
FIG. 5. Hydroxyl scavenging by alliinl), allyl disulfide (7), and membranes from peroxidation at all concentrations tested.
allicin (0.1-0.5 nv)) (#) at 25°C. Each data point is expressed as This indicates that allyl disulfide is an effective inhibitor of
mean= SD (1 = 5). lipid peroxidation, although it is less potent than BHT.

1/ Absorbance

T
0.3

Hydrogen peroxide formation

that reported by Kourounakis and Rekkérable 1). The Alliin shows dose-related increases in hydrogen peroxide
discrepancy may have arisen as a result of the different proformation until reaching concentrations of 3mwhereas
cedures adopted. allyl cysteine did not generate any hydrogen peroxide up=

The non-linear competition plots for alliin suggest that der the same conditions (Fig. 7). Allyl disulfide and a”i(i@
there is some interaction between alliin and one or more ofwere not evaluated as they have low solubility at high con=
the components of the reaction mixture. It has previously centrations. Allin generated low levels of hydrogen perox-
been shown that the ability of a scavenger to react with hy-ide, about 0.5 ( 20’ M/hour (2.5 nM alliin) and 1X 10~7
drogen peroxide or chelate iron, for example, may lead to aM/hour (5 nM alliin) (about 1 molecule of hydrogen per-
non-linear plo® Hence, the likely explanation for the oxide was formed per 50,000 molecules of alliin per hour
anomalous results is the ability of alliin to chelate iron and for 2.5 and 5.0 il alliin). At 10 mM alliin, the level of hy-
hence to cause a redistribution of iron between complexantsirogen peroxide formed was similar to that by 8 ailiin
present in the reaction mixture. (Fig. 7) (one-way analysis of variance; Tukepast hoc
comparisonspP > .05). Hence, the pro-oxidant activity of
alliin is likely to be insignificant, and this is supported by
the results of the lipid peroxidation studies.

Since the molecular structure of alliin suggests it does not
generate hydrogen peroxide directly, it is likely that the hy-
drogen peroxide was formed by the spontaneous dismuta-
tion of superoxide, which in turn arose from the autoxida-
tion of alliin in the presence of oxygen. Such autooxidation
will have involved catalysis by a suitably complexed tran-
sition metal ion such as F&3* or Cut/2*, The results of
the hydroxyl scavenging studies suggest that allin com-
plexes with iron. In contrast, allyl cysteine appeared to be
incapable of undergoing such complexation reaction. This
probably explains the difference of alliin and allyl cysteine
in terms of hydrogen peroxide formation.

MDA-TBA (test) /
MDA-TBA (control)

0 I 1 ' 2 ' 3 I 4 I 5 I 6 ' 7
Concentration, mM DISCUSSION
The efficacy of garlic preparations or extracts to allevi-
allyl cysteine (), allyl disulfide @#), allicin (O), and BHT () at ate f_ree radical damage to biological membranes or other bi-
37°C. Control assays included microsometerrous sulfater ascor- ological systems has been demonstrated:®® However,

bic acid (- — —) and microsomes only (— —). Each data point is ex- eviden(_:e_on the_components responsible for the a(;tivity is
pressed as mean SD (n = 5). rather limited. This study clearly showed that the garlic com-

FIG. 6. Prevention of microsomal lipid peroxidation by allilll),
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However, it is conceivable the relative reactivity of the de-
tector molecules, deoxyribose, 5dimethyl-1-pyrrolineN-
oxide, and salicylic acid towards hydroxyl radical may ex-
plain the differences. Another reason could be the presence
of trace contaminants such as allyl disulfide and alliin in
previous studies since allicin was prepared by enzymic ac-
tion of allinase on alliin or allicin present in the commer-
cial preparation, GarliciA?:62.64

The rate constants of alliin, allyl cysteine, and allyl disul-
fide reactions with hydroxyl radical, according to the de-
oxyribose competitive assay, is high (1.4—-%.70,
2.1-2.2x 10°, and 0.7-1.5< 10'° M~' second’, respec-

' T ' T i I ' I ' tively, which indicates that they are efficient scavengers
0 1 2 3 4 when compared with other antioxidants such as mannitol.
Time, h In contrast, alliin, allyl cysteine, and allicin were ineffective
in preventing lipid peroxidation of microsomal membranes,
FIG. 7. Formation of hydrogen peroxide by alliin and allyl cysteine while allyl disulfide protected the microsomal membranes
in 50 MV KH,PO,-KOH (pH 7.4) at 37°C: 2.5 M alliin (M), 5 mv from induced lipid peroxidation, at concentrations above
g}'}g;‘ei(ﬁe)’é(l)o% ‘i'g'wz)liyf'?yg‘gi r?gyfll-():y?\ltg%?/éic))lg gnmgle%;yilde about 2.0 . This could be explained by the partition co-
formation was detected for the three concentrations of allyl cysteine.emC'ents. of the compounds; aI.I||n [lo@), —1.93] and al-
Each data point is expressed as mes®D (1 = 5). lyl cysteine [log P), 0.03] are highly water soluble and re-
main in the aqueous pool, while allyl disulfide [Id?),(2.95]
is lipophilic and hence associates with the lipid phase or bi-
pounds tested have different patterns of antioxidant activity ological membranes. This probably enables allyl disulfide
in terms of scavenging of superoxide and hydroxyl radical, in the lipid phase to scavenge oxidants generated near the
and preventing peroxidation of microsomal membranes. Forproximity of biological membranes more efficiently than al-
example, alliin scavenges superoxide as generated by théin and allyl cysteine. This is consistent with the literature,
xanthine/xanthine oxidase system, while allyl cysteine, al- which most of the antioxidants,g, tocopherols, BHT [log
licin, and allyl disulfide did not react with superoxide. (P), 5.64], N,N'-diphenylp-phenylene diamine [logPy,

It has been suggested by Kourounakis and Fékkat 4.96] [estimated using ChemDraw Ultra version 6.0 (Cam-
the hydroxyl scavenging activity of a garlic extract was bridgeSoft, Cambridge, MA)], etc., used in lipid peroxida-
probably a result of the presence of allicin, which originated tion studies are fairly lipophilié:3
from alliin by the catalytic action of alliinase. Prasacl%4 Paradoxically, some highly efficient antioxidants autoox-
indicated that Garlicin (Nature’s Way, Springville, UT), a idize in certain conditions, generating highly reactive oxy-
commercial garlic preparation containing alliin, scavenged gen species, which damage proteins and biological mem-
hydroxyl radical using salicylic acid as the detector mole- branes. The lipid peroxidation and hydrogen peroxide
cule. More recently, Rabinkost al®2 also reported that al-  formation studies suggest they are unlikely to behave as po-
licin generated from alliin by allinase inhibits the scaveng- tent pro-oxidants in both aqueous and lipid phases.
ing of hydroxyl and methyl radicals by the spin trap, In summary, the agueous and lipid-soluble garlic com-
5,5 -dimethyl-1-pyrrolineN-oxide. pounds such as alliin, allyl disulfide, and allyl cysteine pos-

In contrast, this study has clearly shown that purified al- sess different patterns of antioxidant activities as shown in
licin did not scavenge hydroxyl radicals in the deoxyribose Table 2. We have clearly shown that allicin suppresse«
competitive assay or in the vitro lipid peroxidation study.  enzymic activity of xanthine oxidase to generate superox-
The reason for the discrepancy has not been ascertainedde. It also lacks hydroxyl radical scavenging activity and

N w H
TS .3
]

Hydrogen peroxide,
x10° M
2

TABLE 2. SUMMARY OF ANTIOXIDANT ACTIVITIES AND PARTITION COEFFICIENTS
[Loc(P)] oF ALLiN, ALticiN, ALLyL CysTEINE, ALLYL DisuLFiDE

Superoxide Hydroxyl Lipid
Compound log(P)2 scavenging® scavenging® peroxidation®
Alliin —1.93 + + —
Allicin 1.35 | - -
Allyl cysteine 0.03 - + —
Allyl disulfide 2.95 - + +

apartition coefficients in n-octanol/water were estimated using ChemDraw Ultra version 6.0 (CambridgeSoft).
b+ activity detected; —, no activity found; I, inhibits xanthine oxidase.
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does not suppress lipid peroxidation. Therefore, it is con-19.
ceivable that the reported antioxidant activity of allicin is
probably mediatediaits ability to inhibit enzymes that pro-

mote pro-oxidant status via thiol exchange. Therefore, bio- 20
logically these garlic compounds may contribute to the en-
dogenous antioxidant pool of compounds such as ascorbi@l:
acid, tocopherol, uric acid, glutathione, and other thfols

and to enzyme suppression. The overall effect of the garlic
compounds would perhaps be to prevent or reduce injuries22
through oxidative stress and free radicals. :

23.
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