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Antioxidative Effects of Sulfur Containing Compounds in Garlic on Oxidation
of Human Low Density Lipoprotein Induced by Macrophages and Copper lon
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Sulfur containing compounds in garlic have all be used as one of the traditional folk medicine as well
as food source. The present study was performed to investigate the antioxidative compounds of
1-methyl-1-cysteine, dimethyl trisulfide and 2-vinyl-4H-1,3-dithiin. The antioxidative activity of sulfur
containing compounds on human LDL was investigated by monitoring a thiobarbituric acid sub-
stances (TBARS). Sulfur containing compounds inhibited on oxidation of LDL mediated by CuSO,

and macrophages in dose dependent manner with almost completely inhibition at 80 ug/ml.
Antioxidant activities of sulfur containing compounds on LDL oxidation were 2-vinyl-4H-1,3-dithiin,
1-methyl-1-cysteine, and dimethyl trisulfide in order. Inhibitory effects of sulfur containing com-
pounds on oxidation of LDL mediated by CuSOs and macrophages were degraded at much greater
rate than native LDL, the LDL oxidation process was arrested as shown by the lower conjugated di-
enes formation at the concentration of 60 pg/ml. Sulfur containing compounds in garlic revealed at
high antioxidative activity at low physiological concentration for human LDL oxidation in vitro spe-
cially, it was indicated that the antioxidative activity of 3-viny 1-4H-1,2-dithiin was higher than that

of the other sulfur containing compounds.
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Introduction

An early event in atherogenesis is the accumulation of
lipid-laden foam cells in the arterial intima, which can
progress to fatty streaks and plaques. Most of foam cells
are likely derived from resident tissue macrophages, which
can lead to cellular cholesterol accumulation [12,28].
Oxdized LDL that has entered the artery wall and then ac-
cumulated in foam cells would affect atherosclerotic prog-
ress [25]. LDL oxidation was used to test the effectiveness
of antioxidants to slow atherosclerosis in animal models
[7]. 1t was observed that antioxidants or drugs with anti-
oxidant activity were consistently able to reduce the extent
of atherosclerosis [3,4,10]. The exact mechanism by which
LDL undergoes oxidatioin i vivo is not clear yet but there
is little doubt that it involves free radical peroxidation of
LDL [11,29]. Since oxidized LDL seems to play a role in
the development of atherosclerosis, prevention by anti-
oxidants such as probucol [4], f-carotene [20], vitamin E
[1,9,17,18,20], vitamin C [19], and flavonoids [36] may be a
therapeutic option. The recent discovery of natural anti-
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oxidants may lead to replacement of the synthetic anti-
oxidants which are widely used at present. Antioxidants
from natural substances such as edible plants, species, and
herbs have been widely investigated. A number of natu-
rally occurring antioxidant compounds have been found to
strengthen the resistance of LDL to oxidative modification
in vitro and in vivo [2,19,26]. Attention has been focused re-
cently on the importance of the protective defense systems
in living cells against damage caused by LDL [5,11,15,29].

Garlic (Alliitum sativum L.) has been universally as a fla-
voring ingredient, functional food, and traditional medicine.
Historically, garlic have been utilized for folk medicine for
the treatment of such varied physical disorders as wounds,
chest colds, and heart disease. Using modern scientific tech-
niques, the biological effects of garlic have been studied for
a long times [6,22].

The properties of garlic have been often attributed to sul-
fur-containing volatile compounds such as allicin and its
derivatives, which have been examined as potential anti-
carcinogens, antimutagens, and antimicrobial and anti-
oxidant activity [6,24]. Many of the health benefits asso-
ciated with garlic consumption have been attributed to its
organosulfur compounds, particularly the thiosulfinates
[R-S-S(O)-R], the single most abundant class of organosulfur
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compounds found in freshly chopped or crushed garlic [27].
Sulfur-containing components in Allium species consist of
volatiles (disulfides and trisulfides, etc) and nonvolatiles
(sulfur-containing amino acids). The volatile sulfur com-
pound such as dialk(an)yl disulfides and dialk(en)ly tri-
sulfides are produced by enzymic reaction of alk(en)yl-L-
cysteine sulfoxides. Allicin (2-propene-1-sulfinothioic acid
S-2-propenyl ester) is the most abundant thiosulfinate, typi-
cally accounting for 70% (w/wy) of the total thiosulfinates
found in fresh garlic.

Another possible indicate of sulfur containing compounds
bioavailability, it seemed possible to have antioxdative activ-
ity on low density lipoprotein (LDL) oxidation.

Therefore, this paper focuses antioxidant activity for
LDL by sulfur containing compounds derived from garlic,
which might have an important role in the benefits of gar-
lic to human health.

Materials and Methods

Materials

Sulfur containing compounds S-methyl-L-cysteine sulf-
oxide, dimethyl trisulfide, 2-vinyl-4H-1,3-dithiin were ob-
tained from Dr. Greenspan (College of Pharmacy, The
University of Georgia, USA).

Isolation of human LDL

Lipoproteins : Human LDL was isolated from the blood
of healthy man by ultracentrifugation [14] and dialyzed ex-
tensively against 0.9% (w/v) NaCl, 0.004% (w/v) EDTA,
pH 74. Prior to oxidation, LDL was dialyzed against phos-
phate-buffered saline, pH 7.4, to remove the EDTA.

Cell culture : Transformed mouse macrophage J774 cells
were maintained in Ham's F-10 supplemented with 10%
(v/v) fetal calf serum, NaHCO;s (2 g/I), and 4 mM Hepes,
pH 8.1. A series of antibiotics was included in rotation in
the medium. The cells were cultured routinely in large dishes
(90 mm diameter) in 10 mL of medium and plated out into
smaller dishes (60 mm diameter) containing 2 ml of medium.
Cultures were maintained in a humidified incubator at 37°C
and the medium was changed every 48 hr [12].

Oxidation of LDL

Two different methods were used to examine the effect
of the sulfur containing compound on the oxidation of
LDL. In the first method, LDL (100 mg protein/ml) was in-

cubated in the presence of 5 pM CuS0, in phosphate buf-
fered saline, pH 7.4, at 37°C for 18 hr [15].

In the second method, LDL (100 pg protein/ml) was in-
cubated with J774 macrophages in Ham’s F-10 culture me-
dium for 24 hr at 37°C. To examine the effect of anti-
oxidant on LDL, the reaction was stopped by the addition
of EDTA (final concentration of 10 pM) and placing the
lipoproteins on ice [22].

Assay of thiobarbituric acid-reactive substances
(TBARS)

TBARS levels were determined spectrophotometically
[30]. 0.1 ml aliquots of post incubation mixture and tetra-
methoxypropane standards were added into the tubes con-
taining 1 ml of 20% trichloroacetic acid and 1 ml of 1% thi-
obarbituric acid containing EDTA. Tubes were placed in a
boiling water bath for 30 min. After cooling, tubes were
centrifuged at 1500 g for 15 min. Absorbance of the super-

natant was measured at 532 nm.

Detection of conjugated dienes

The formation of conjugated dienes associated with oxi-
dized LDL was measured by monitoring the absorption at
234 nm using a UV-VIS spectrophotometer [8]. Briefly, 1
ml of an LDL solution (100 mg LDL, protein/ml) in phos-
phate-buffered saline, pH 7.4, was incubated with 5 yM
CuS04 at 37°C in the presence or absence of test agents,
and then the absorbance at 234 nm was measured every 30
min. The formation of conjugated dienes in control sol-
utions containing antioxidant in the absence of LDL and 5
M CuS0, was also determined.

LDL oxidation by endothelial cells

Primary cultures of human umbilical vein endothelial
cells were obtained from a cord vein, after 15 min diges-
tion by a 0.2% collagenase solution. The cells were plated
into tissue culture flask and allowed to grow to confluence
in RPMI 1640 containing 20% fetal calf serum. 10 mM pen-
icillin, 10 pg/ml streptomycin, and 2 mM L-glutamine at
37°C in a humidified atmosphere of 95% air 5% CO,. The
resulting confluent human endothelial cell cultures in mul-
tiwell clusters (1.5x10° cells/ cm®) were then washed three
times with a serum-free medium, supplemented with 5 uM
CuSO;, and incubated with LDL (200 pg/ml) in a se-
rum-free medium containing 1% human serum albumin.
Before being added to the endothelial cells, the LDL was



loaded (30 min at 37°C) sulfur containing compounds or
its vehicles (DMSO or ethanol respectively), and sterilized
by passage through 0.22 ym milipore filters. After 18 hr in-
cubation at 37°C the medium was aspirated, centrifuged to
remove any cell debris, and finally processed for the lipid
peroxidation assay by the thiobarbituric acid reaction as
described above.

Determination of cellular protein
Cell protein was measured using bovine serum albumin
as standard [23].

Statistics

Data in the text and figures are given as mean+SEM.
Statistical significance was examined through one-way
analysis of variance and Duncan’s multiple range test [31].
Significant differences were accepted at p<0.05.

Results and Disussion

Antioxidative activities of sulfur containing com-
pounds

Antioxidative activities of sulfur containing compounds
were evaluated by comparison with ascorbic acid. Antioxi-
dant activity of sulfur containing compounds such as S-
methyl-1-cysteine sulfoxide, dimethyl trisulfide, and o-vinyl-
4H-1,3-dithiin was comparable with ascorbic acid. The order
of antioxidant activity were ascorbic acid > 2-vinyl-
4H-1,3-dithiin > S-methyl-1-cysteine sulfoxide > dimethyl
trisulfide (Fig. 1). The antioxidant test with 1, 1-diphenyl-
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Fig. 1. Antioxidative activity of sulfur containing compounds
compared to that of ascorbic acid (A: S-methyl-1-cys-
teine sulfoxide, M: dimethyl trisulfide, @: 2-vi-
nyl-4H-1,3-dithiin, O: ascorbic acid). The concentration
of each sample was tested at a dose of 40 ug/ml. Result
represent average of two seperately experiments.
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2-picrylhydrazy (DPPH) used in this experiment is based
on a portion radical scavenging activity, sulfur containing
compound was also found to be positive by the thio-
cyanate method. Antioxidants activity of sulfur containing
compounds such as S-methyl-1-cysteine sulfoxide, di-
methyl trisulfide, and 2-vinyl-4H-1,3-dithiin have been
widely investigated, although the antioxidant on LDL in
these studies were not always clear. The role of nutrition
and diet in the development of atherosclerosis is becoming
increasingly recognized. Along with the multiple studies
attempting to correlate carotenoids or vitamin C with LDL
oxidizability and coronary ischemic cardiopathy [19,20],
The interesting in vitro studies appeared recently concern-
ing inhibition of LDL oxidation by substances. In one
study, the authors demonstrated the antioxidant activity of
phenolic substances. Flavonoid [2] and vitamin E [17] were
shown to exhibit potent in wvitro inhibition of LDL
oxidation. These evidences prompted us to study the LDL
oxidation inhibiting properties of one species, garlic com-
monly used in large quantities a natural product.

Antioxidative effects on human LDL

Antioxidative effects of sulfur containing compounds on
the oxidation of LDL, as measured by production of
TBARS, was initially examined at various concentrations of
sulfur containing compounds, S-methyl-1-cysteine sulf-
oxide, dimethyl trisulfide, and 2-vinyl-4H-1,3-dithiin dem-
onstrated a concentration-dependent inhibition of the pro-
duction of oxidized LDL by Cu”*-mediated LDL oxidation
(Fig. 2). Sulfur containing compounds showed a dose-de-
pendent inhibition of Cu**-mediated LDL oxidation after
24 hr of incubation. At a concentration of 80 pg/ml sulfur
containing compounds. such as S-methyl-1-cysteine sulf-
oxide, dimethyl trisulfide, 2-vinyl-4H-1,3-dithiin on the oxi-
dation of LDL was almost completely inhibited than that
observed in the obsence of sulfur containing compounds.
Although research supports the in vivo existence of oxi-
dized LDL, the most persuasive data on the role of oxi-
dized LDL in atherogenesis derives from studies showing
that antioxidants prevent atherosclerosis in animal models
while some antioxidants such as BHA and BHT prevented
atherosclerosis in animals [3], but their side effects pre-
clude their use in human subjects [7]. Oxidation of LDL in
the presence of copper was maximal between 2 and 3 hr
of incubation; oxidation for 24 hr of incubation was almost
four fold greater than at 4 hr [13]. This may reflect the level
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Fig. 2. Concentration-dependent inhibition effects of sulfur con-
taining compounds on LDL oxidation mediated by
Cu®, LDL (100 ug protein/ml) was incubated for 24 hr
at 37°C in phosphate-buffered saline containing 5 yM
CuS04 in the presence or absence of increasing concen-
tration of sulfur containing compound. Results are pre-
sented as meanstSEM of there to five independent
experiments,

of endogenous antioxidants present in the LDL prepara-
tion, which may vary with individual donors. For example,
vitamin E as dietary antioxidant contained to partition into
the LDL fraction which protection against LDL oxidation,
but LDL from donors who smoker occurred more suscep-
tible to oxidation than non-smoker [13].

As shown in Fig. 3, human LDL was oxidized by mouse
J774 macrophages, in a time-dependent manner and the
production of TBARS reached a plateau after 24 hr of
incubation. Therefore, all data relating to macrophages pre-
sented here were obtained following 24 hr incubation. The
production of TBARS in the presence or absence of the
macrophages was 7.4+0.2 nmol MDA/ml and 2.20+0.04
nmol MDA/ml protein, respectively. Increasing the num-
ber of macrophages per dish increased the production of
TBARS. The oxidation of LDL by J774 macrophages was in-
hibited in the presence of 80 pg/ml sulfur containing com-
pounds S-methyl-1-cysteine sulfoxide, dimethyl trisulfide,
and 2-vinyl-4H-1,3-dithiin in the culture medium. Although
the mechanism of oxidation is not known, LDL oxidation
may involve cellular lipoxygenases. The inhibition of mac-
rophage induced oxidation by sulfur containing com-
pounds is consistent with the role of lipoxygenase [26].
Macrophages on endocytose and degrade oxidatively modi-
fied LDL via scavenger receptors at a much greater rate
than native LDL [23], and this property was used to assess,
the protection afforded LDL by coincubation with sulfur
containing compounds during the oxidation period. Many
other cells types have been shown to oxidize LDL in vitro,
e.g. mouse peritoneal macrophages [15].
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Fig. 3. Concentration-dependent inhibition effects of sulfur
containing compounds on LDL oxidation mediated by
macrophage. LDL (100 pg protein/dish) was in-
cubated for 24 hr with macrophages in Hams F-10 in
the presence or absence (control) of the sulfur contain-
ing compound. Results are presented as mean+SEM
of three to five independent experiments.

It was observed that protection by sulfur containing
compounds on cell-induced LDL oxidation may be, in part,
through its capacity to scavenge 0. radicals. However, in-
hibition of Cu*-mediated LDL oxidation by sulfur contain-
ing compounds was marked than the oxidation by
macrophages. The differences in sulfur containing com-
pounds potency in the two systems might be due to the
fact that oxidative modification is more complex than a
simple free radical reaction.

Effects of sulfur containing compounds on
conjugated diene formation

Fig. 4 shows the effects of sulfur containing compounds,
S-methyl-1-cysteine sulfoxide, dimethyl trisulfide, and 2-vi-
nyl-4H-1,3-dithiin on the formation of conjugated dienes, a
measurement of the LDL oxidative process. The conjugated
dienes formed were significantly lower in the concentration
of each 60 pg/ml sulfur containing compounds than the
control. Incubation of LDL with Cu** produced a lag phase
of 120 min before the onset of the propagation phase where
polyunsaturated fatty acid underwent conversion to con-
jugated lipid hydroperoxides. However, in the presence of
sulfur containing compounds at each 60 pg/ml, the lag
phase and propagation phase were inhibitory. In agreement
with the findings of Esterbauer et at. [9], there was an initial
lag period in the formation of conjugated dienes. The anti-
oxidant activity of sulfur containing compounds in LDL,
plasma, or arterial walls may be important in preventing
or reducing the progression of atherosclerosis by inhibiting
the peroxidation of lipoproteins.
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Fig. 4. Antioxidative effect of sulfur containing compounds on
the formation of conjugated dienes observed during the
oxidation of LDL (H: LDL+5 pM CuSQ,, <>: 60 ug/ml
dimethyl trisulfide, A: 60 pg/ml S-methyl-1-cysteine
sulfoxide, @: 60 pg/ml vinyl-2-4M- 1,3-dithiin). LDL
(100 pg protein/ml) was incubated by the addition of
5 pM CuSO, The formation of conjugated dienes was
measured at 234 nm on LDL oxidation. Results are pre-
sented as meanstSEM of three to five independent
experiments.

Inhibitory effects of sulfur containing compounds
on LDL oxidation mediated endothelial cells

The antioxidant agent is also acting under more physio-
logical conditions, experiments at cellular level were un-
dertaken using human endothelial cells to oxidize LDL sul-
fur containing compound, S-methyl-1-cysteine sulfoxide,
dimethyl trisulfide and 2-vinyl-4-H-1.3-dithiin successfully
inhibited endothelial cell-mediated LDL oxidation in a
dose-dependent manner (Fig. 5), and 50% inhibition was
calculated to require about 60 pg/ml. The each concen-
trations of antioxidant and vehicle applied did not induce
any toxic effect to endothelial cells. No dettachment was
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Fig. 5. Effects of sulfur containing compounds on LDL oxida-
tion mediated artery endothelial cells (ll: dimethyl tri-
sulfide, A: S-methyl-1- cysteine, sulfoxide, @: vinyl-2-
4H-1,3-dithiin). LDL (100 pg protein/ml) was incubated
with endothelial cells.
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observed after the incubation period and cells washed at
the end of the incubation period were able to oxidized
LDL again. Decisively, sulfur containing compounds in-
hibited LDL oxidation at the cellular level. Endothelial cells
have been proposed as one of the sources responsible for
LDL modification in vivo by a free radical mediated
mechanism. Inhibition of the oxidative modification of
LDL is a crucial event in the suggested mechanism of
atherosclerosis.

To support further the physiological relevance of these
results, sulfur containing compounds were compared to as-
corbic acid, which can be considerate reference anti-
oxidants in biological systems.

From these reports, it appears that sulfur containing
compounds is important in preventing the oxidative mod-
ification of LDL. Sulfur containing compounds may also
play an important role in preventing the peroxidation of
LDL in vivo, perhaps through regenerating lipid soluble
antioxidants such as ascorbic acid. The antioxidant activity
of sulfur containing compounds in LDL, plasma, or arterial
walls may be important in preventing or reducing the pro-
gression of atherosclerosis by inhibiting the peroxidation of
lipoproteins.
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