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S-allyl cysteine prevents CCl;-induced acute liver injury in rats
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Abstract

Aged garlic extract (AGE) possesses multiple biological activities. We evaluated the protective effect of S-allyl cysteine (SAC),
one of the organosulfur compounds of AGE, against carbon tetrachloride (CCly)-induced acute liver injury in rats. SAC was
administrated intraperitoneally (50—200 mg/kg). SAC significantly suppressed the increases of plasma ALT and LDH levels.
SAC also attenuated histological liver damage. CCl, administration induced lipid peroxidation accompanied by increases in
the plasma malondialdehyde and hepatic 4-hydroxy-2-nonenal levels, and SAC dose-dependently attenuated these increases.
The hepatic total level of hydroxyoctadecadienoic acid (HODE), a new oxidative stress biomarker, was closely correlated with
the amount of liver damage. These results suggest that SAC decreased CCly-induced liver injury by attenuation of oxidative
stress, and may be a better therapeutic tool for chronic liver disease.

Keywords: Aged garlic extract, S-allyl cysteine, reactive oxygen species, hydroxyoctadecadienoic acid (HODE)

Abbreviations: AGE, aged garlic extract; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CCly, carbon
tetrachloride; CCls, trichloromethyl radical; Cys, L-cysteine; GSH, glutathione; HNE, 4-hydroxy-2-nonenal; HODE,
hydroxyoctadecadienoic acid; LDH, lactate dehydrogenase; LPO, lipid peroxide; MDA, malondialdehyde; NAC, N-acetyl
cysteine; PMA, phorbol 12-myristate 13-acetate; ROS, reactive oxygen species; SAC, S-allyl cysteine; SAMC,
S-allylmercaptocysteine; SOD, superoxide dismutase; SSA, sulfosalicylic acid; 8-is0-PGF5,, 8-iso-prostaglandin Fg;
8-OHdG, 8-hydroxy-2-deoxyguanosine

Introduction these hepatopathies, which are among the most
serious diseases in humans.

Garlic has been used as a traditional medicine for
centuries, and scientific studies have revealed that it
can prevent thrombosis, prevent inflammation and
inhibit cellular oxidative stress [2,3]. However, the
known to lead to chronic hepatitis and liver cirrhosis. effective molecules among garlic ingredients and their
At the current time, clinical solutions are urgently = pharmacological actions have not been clearly eluci-
required to address the high global prevalences of  dated.The composition of aged garlic extract (AGE) has

There is no doubt that reactive oxygen species (ROS)
play important roles in pathological changes of the
liver, particularly in alcoholic and toxic liver diseases
[1]. Furthermore, repeated acute inflammation is well
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been reported [4], and the unstable and highly odorous
compounds found in fresh garlic are known to be
converted into more stable, odorless and water-soluble
compounds, such as S-allyl cysteine (SAC), S-allylmer-
captocysteine (SAMC) and others [2]. Some of these
compounds, such as SAC [5-7] and SAMC [8,9], have
antioxidant properties. It has been postulated that SAC
may be one of the active compounds responsible for the
protective effects of AGE observed in several exper-
imental models associated with oxidative stress
[3,5,7,10,11]. Pharmacokinetic studies of SAC, the
most abundant organosulfur compound in AGE
(6.1 £ 2.7mg/g dry extract) [4], in animals have
revealed that SAC is easily absorbed from the
gastrointestinal tract and becomes distributed into the
plasma, liver, kidneys, lungs and heart with a bioavail-
ability of 98% in rats [12]. Furthermore, SAC has the
following useful characteristics: (i) it is water-soluble;
(ii) it is stable for up to 2 years [4]; (iii) itis odorless; (iv) it
is 30-fold less toxic than allicin and diallyl disulfide [2];
and (v) it is relatively inexpensive, since its synthesis is
easy and cheap.

In vitro, SAC is able to scavenge O, and HO' [5].
SAC also prevents H,0O,-induced endothelial cell
injury and lipid peroxidation [10], as well as low-
density lipoprotein oxidation [13]. In addition, TNF-
o and H,0O, can induce high levels of NF-«kB
activation in human T lymphocytes, and SAC can
inhibit this NF-kB activation [14]. There are several
reports regarding the biological effects of SAC in
different organs. For example, SAC reduces ischemic
brain edema in rats by inhibiting lipid peroxidation
[7,11], and reduces histological damage to the heart
and liver in mice treated with doxorubicin, an
anticancer drug [15]. Recently, we reported that
SAC attenuates carbon tetrachloride (CCly)-induced
pulmonary fibrosis in rats (in press) [15].

Reduced glutathione (GSH) plays important roles
in the protective effect against antioxidative injury,
and both N-acetyl cysteine (NAC) and L-cysteine
(Cys) have been reported to act as glutathione
prodrugs. Although hepatoprotective properties of
NAC have been reported in several previous studies
[9,16,17], the effects of SAC in the rat liver have not
yet been investigated.

The present study aimed to examine the effects of
oral administration of SAC on CCly-induced liver
injury in comparison with the effects of NAC and Cys.

Materials and methods
Chemuicals

SAC (CH,—CH—CH,—S—CH,—CHNH,—COOH)
was kindly provided by Wakunaga Pharmaceutical Co.
(Osaka, Japan). CCly, L-012 and GSH were purchased
from Wako Pure Chemical Co. (Osaka, Japan). NAC,
Cys, phorbol 12-myristate 13-acetate (PMA) and

Cu/Zn-superoxide dismutase (SOD) were purchased
from Sigma Chemical Co. (St Louis, MO). All other
reagents used were of analytical grade.

Animal treatment

Male Wistar rats (8W) weighing 180-200g were
purchased from SLC (Shizuoka, Japan) and main-
tained for 1 week before experimental use. All rats had
free access to tap water and a commercial rodent diet
(CE-2; CLEA Japan Inc., Tokyo, Japan), and were
maintained on a 12-h light/dark cycle at a constant
temperature of 25°C. All rats were taken care of
according to the specifications outlined in the Guiding
Principles for the Care and Use of Laboratory
Animals approved by the local ethics committee on
experimental animal research.

CCl, was applied to the rats via intraperitoneal
(i.p.) injection as a 25% solution in corn oil (2 ml/kg).
Intragastric (i.g.) administration of SAC, NAC or Cys
was performed at 30 min before the CCly, injection.
The animals were randomly divided into five groups as
follows: (1) sham group, treated with i.g. water and
1.p. corn oil; (2) vehicle group, treated with i.g. water
and i.p. CCly; (3) SAC group, treated with i.g. SAC
(25, 50, 100 or 200 mg/kg) and i.p. CCly; (4) NAC
group, treated with i.g. NAC (200 or 600 mg/kg) and
i.p. CCly; and (5) Cys group, treated with i.g. Cys
(200 or 600 mg/kg) and i.g. CCl,. The animals were
sacrificed under urethane anesthesia (5 g/kg, i.p.) at
24 h after the CCly treatment. Following collection of
blood from the abdominal aorta, each rat was perfused
with ice-cold saline and the liver was removed. Part of
the left lobe was excised, fixed in 10% buffered-
formaldehyde solution and embedded in paraffin
blocks, while the remaining liver was immediately
frozen under liquid nitrogen and stored until use.

Biochemical analysis of liver enzymes

Blood was centrifuged at 12,000¢ for 15 min at 4°C,
and the plasma levels of alanine aminotransferase
(ALT), aspartate aminotransferase (AST) and lactate
dehydrogenase (LDH) were determined by an
automated analysis system.

Histological analysis

Liver tissue was processed using a paraffin slice
technique and 4-pm liver sections were stained with
hematoxylin and eosin.

Measurement of lipid peroxide (LPO) levels

The LPO levels in the liver homogenates were
measured using an ELISA kit (LPO-586™; OXIS
International Inc., Portland, OR). In general, frozen
liver tissue (about 200 mg) was homogenized in 0.4 ml
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of 20 mM phosphate buffer, pH 7.4. However, when
LPO was investigated as a marker of cellular injury,
the same amount of frozen liver tissue was homogen-
ized in 20 mM phosphate buffer (pH 7.4) containing
0.5 M butylated hydroxytoluene. Each homogenate
was centrifuged at 3000¢ for 10 min at 4°C to remove
any large particles. An aliquot of each sample was
removed for protein determination, while the remain-
der of the sample was used for measurement of the
malondialdehyde (MDA) and 4-hydroxy-2-nonenal
(HNE) levels with the BIOXYTECH® LPO-586™
assay kit (OXIS International Inc.) according to the
manufacturer’s instructions. This assay is based on the
reaction of a chromogenic reagent, N-methyl-2-
phenylindole, with MDA and 4-hydroxyalkenals at
45°C, resulting in a stable chromophore with a
maximal absorbance at 586 nm.

Western blot analysis of liver tissues

Frozen liver tissue (about 200 mg) was homogenized
in 0.4 ml of sample buffer (50 mM Tris—HCI, pH 6.8,
2% sodium dodecyl sulfate, 10 mM dithiothreitol,
10% glycerol and 1 mM phenylmethylsulfonyl fluor-
ide). Proteins (20 pg) of the soluble and particulate
fractions were separated by 12.5% SDS-PAGE and
transferred onto a polyvinylidene difluoride mem-
brane (MILLIPORE Co., Billerica, MA). Next, the
membrane was blocked with 3% BSA and incubated
with a mouse anti-HNE]J-2 monoclonal antibody
(3 pg/ml; Japan Institute for The Control of Aging,
Shizuoka, Japan) at 4°C overnight. Following three
washes in Tris—buffered saline (pH 7.4) containing
3% skim milk, the membrane was incubated with a
secondary anti-mouse IgG (1:2000; Dako Cytoma-
tion, Kyoto, Japan) for 40 min at room temperature,
and then washed three times in Tris—buffered saline
(pH 7.4) containing 0.1% Tween. Reactive bands
were identified by enhanced chemiluminescence
(Amersham, Bucks, UK) and autoradiography follow-
ing exposure to X-ray film, according to the
manufacturer’s instructions. Finally, the western
blots were quantified using Scion Image software
(version 1.63; Scion Corp., Frederick, MD)

Analyses of total hydroxyoctadecadienoic acid (tHODE)
and 8-iso-prostaglandin F»,, (8-1s0-PGF,,) in the plasma
and liver

The levels of tHODE and 8-iso-PGF,, were
measured as described previously [18], with slight
modifications. Briefly, internal standards of 8-iso-
PGF,,-d4s (100ng) and 9-HODE-d, (100ng) and
1 ml of methanol were added to the plasma samples
(2.0 ml), followed by reduction with an excess amount
of sodium borohydride at room temperature for 5 min
under nitrogen. The liver was homogenized in saline
(liver:saline = 1:3, w/w) using a Polytron PT-3100
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(KINEMATICA AG, luzern, Switzerland), and an
aliquot (300 wl) was further diluted with saline
(1700 wl). The internal standards and 1ml of
methanol were added to this solution followed by
reduction as described above. Subsequently, the
reduced sample was mixed with 1M KOH in
methanol (1 ml) under nitrogen and incubated in a
shaker at 40°C for 30min in the dark. Following
centrifugation at 3000g at 4°C for 10min, the
supernatant was diluted with a 4-fold volume of
water (pH 3) and acidified (pH 3) using 2 N HCI. The
acidified sample was centrifuged at 3000g at 4°C for
10 min, and the supernatant was subjected to solid-
phase extraction [18]. After evaporation of the eluted
solution with nitrogen gas, 30 pl of a silylating agent
(N, O bis), trimethylsilyl trifluoroacetamide (BSTFA),
was added to the dried residue, vigorously mixed using
a vortex mixer for 1 min and incubated at 60°C for
60 min to obtain trimethylsilyl esters and ethers. Next,
the solution was diluted with 70 pl of acetone and an
aliquot of this sample was injected into a gas
chromatography system (GC 6890 N; Agilent
Technologies Co. Ltd, Palo Alto, CA) equipped with
a quadrupole mass spectrometer (5973 Network;
Agilent Technologies Co. Ltd). A fused-silica capillary
column (HP-5MS, 5% phenyl methyl siloxane,
30m X 0.25 mm; Agilent Technologies Co. Ltd) was
used. Helium was used as the carrier gas at a flow rate
of 1.2 ml/min, and the temperature was programmed
to increase from 60 to 280°C at 10°C/min. The
injector temperature was set at 250°C and the
temperatures of the transfer lines to the mass detector
and ion source were 250 and 230°C, respectively. The
electron energy was set at 70 eV. The amounts of 8-
is0-PGF,, and tHODE were determined using
fragment ions of m/z 481 and 440, respectively. The
internal standards used for the quantification of 8-iso-
PGF,, and tHODE were 8-iso-PGF,,-d,
(m/z=485) and 9-HODE-d, (m/z = 444),
respectively.

Total thiol assay

Excised liver tissues were homogenized immediately
in 4 volumes of ice-cold 5% sulfosalicylic acid (SSA)
solution, while plasma samples were mixed with 0.5
volumes of ice-cold 10% SSA solution. All the samples
were centrifuged at 12,000¢ for 15 min, and the total
thiol concentrations in the acid-soluble fractions were
determined using Ellman’s reagent [19].

Analyses of lipid peroxidation induced by enzymatic
reduction of CCl,

Hepatic microsomes were prepared as described
previously [20]. Briefly, tissues (about 4g) were
placed in 1.15% KCI and homogenized at 4°C in a
Polytron homogenizer for 10s, and then in a Teflon
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homogenizer for 12 strokes. The homogenate was
centrifuged at 9000g for 20min. The supernatant
fraction was centrifuged further at 105,000¢ for
40 min. The microsomal fraction was resuspended in
a 50 mM sodium phosphate buffer solution (pH 7.4)
containing 1mM EDTA and 20% glycerol. All
centrifugation was performed at 4°C. Microsomal
incubations (1 mg protein/ml) were performed in 1 ml
of 0.1 M potassium phosphate buffer, pH: 7.4, in the
presence of 0.1 mM EDTA and a NADPH generating
system containing 1 mM NADDP, 10 mM glucose-6-
phosphate and 2 units of glucose-6-phosphate
dehydrogenase. Next, the microsomes pre-incubated
with SAC (0.1, 0.5, or 1 mM), NAC (0.1, 0.5, or
1 mM), or Cys (0.1, 0.5, or 1 mM) for 5 min at 37°C,
before the reaction was started by adding CCly.
Peroxidation was started by addition of 5 ul of CCl,
1 M in ethanol [21]. After 10 min incubation at 37°C
MDA and HNE levels were measured as described
above with the BIOXYTECH® LPO-586™ assay kit
(OXIS International Inc.).

Detection of ROS generation by neutrophils isolated from
human blood

Heparinized venous blood was obtained from normal
healthy subjects. The anti-coagulated blood was
purified to only contain neutrophils by using Mono-
Poly Resolving Medium (Dainippon Pharmaceutical
Co., Osaka, Japan). Next, the isolated neutrophils
(5 ul; 1 X 10%cells/ml) were incubated in 980 ul of
Krebs—Ringer phosphate buffer in the presence of
100 uM L-012, and then pre-incubated with NAC
(107°-10">mol/1), SAC (10" °~10 >mol/l) or Cys
(10°°-10">mol/l) for 5min [8] at 37°C, before the
reaction was started by adding 5nM PMA. The
chemiluminescence intensity was recorded continu-
ously for 1-10min using a Luminescence Reader
(BLR-201; Aloka, Tokyo, Japan). The intensity was
completely abolished following the addition of SOD
(5 pl; 10,000 U/ml).

Statistical analysis

Data are expressed as means = SEM. Statistical
analyses were performed by analysis of variance
(ANOVA) followed by appropriate post hoc tests
including Bonferroni correction with p-value < 0.05
being considered as statistically significant.

Results

Biochemical analyses of CCls~induced liver injury

The plasma ALT and LDH levels are shown in
Figure 1A,B, respectively. The ALT and LDH levels
were both significantly higher in the CCly-treated
group than in the sham group. The increased levels
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Figure 1. Effects of cysteine compounds on the plasma ALT
and LDH levels following CCl,; administration. At 30 min after
treatment with SAC or the indicated compounds, the rats
received an i.p. injection of 25% CCl, solution in corn oil
(2ml/kg). At 24h after the CCl; treatment, the animals were
sacrificed, and assays were performed as described in the
Materials and Methods. (A) Plasma ALT levels. (B) Plasma
LDH levels. Data are presented as the means = SEM of at least
four animals. 11, p < 0.01 versus the sham group. *, p < 0.05
versus the vehicle group.

were significantly attenuated by SAC or NAC in a
dose-dependent manner, whereas Cys treatment had
little effect, even at a high dose. The changes in the
AST level showed the same pattern as those in the
LDH level (data not shown). SAC showed the most
potent attenuation of CCl-induced liver injury.

Histological findings in the liver

CCl; administration induced centrilobular cyto-
plasmic vacuolation, hepatic cell necrosis and inflam-
matory cell inflammation (Figure 2A). Both SAC
(200 mg/kg; Figure 2B) and NAC (600 mg/kg;
Figure 2C) attenuated the development of hepatic
injury. Cys (600 mg/kg; Figure 2D) slightly inhibited
the CCly-induced hepatic cell necrosis.
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Figure 2. Representative pictures of hematoxylin and eosin staining of the liver at 24 h after CCl, administration. The animals were treated as
described in the legend for Figure 1. At 24 h after the CCl, treatment, the animals were sacrificed and the right lobe was fixed and embedded in
paraffin. (A) Vehicle. (B) SAC (200 mg/kg). (C) NAC (600 mg/kg). (D) Cys (600 mg/kg). (E) Vehicle treated without CCl,. (F) untreated
control.

Evaluarion of oxidative stress induced by CCly

The hepatic LPO level was significantly higher in the

(nmol/g protein)

vehicle group than in the sham group (Figure 3). SAC 140
(200 mg/kg), NAC (600 mg/kg) and Cys (600 mg/kg) T
significantly suppressed the increased level. 120 e
CCl, administration significantly increased the 100 .
expression of many HNE-modified proteins (28, 46, *
50kDa etc.) in the liver. The expression levels of 80
representative HNE-modified protein (28 kDa) are 60
shown in Figure 4. SAC (200mg/kg) and Cys
(600 mg/kg) significantly reduced the increased level, 40
whereas NAC (600 mg/kg) had no effect. 20
The CCls-induced increases in the tHODE level in o
the liver are shown in Figure 5. SAC (200 mg/kg) and
NAC (600mg/kg) attenuated these increases that ](Dnrlu;kg) ShamVeh 50 iggj 200 ZO(I;IA(:SOO 20(? ys600
were well correlated with the extent of the liver injury. CCl, © @

. . . Figure 3. Effects of cysteine compounds on hepatic LPO
Effects of cysteine compounds on hepatic and plasma thiol production following CCl, administration. The hepatic LPO

levels

The hepatic and plasma thiol levels at 30 min after
administration of each drug are shown in Table I. SAC

levels were measured as described in the Materials and Methods.
Data are presented as the means = SEM of 5-6 animals. T,
p < 0.05 versus the sham group. *, p < 0.05 versus the vehicle
group.
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Figure 4. Effects of cysteine compounds on HNE-modified
protein adducts following CCl,; administration. The expression
levels of HNE-modified protein in the liver after CCly
administration were analyzed by western blotting. The intensities
of the 28kDa protein bands were then plotted relative to the
corresponding band intensity in the sham group. Data are presented
as the means * SEM of 5-6 animals. T, p < 0.05 versus the sham
group. *,p < 0.05 versus the vehicle group.

had no effect on either the hepatic or plasma thiol
level. In contrast, NAC significantly increased both
the plasma and hepatic thiol levels and Cys
significantly increased the plasma thiol level. These
increased levels returned to their normal levels after
24 h. As shown in Figure 6, the hepatic thiol levels
slightly increased in SAC, NAC and Cys treatment.
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Figure 5. Effects of cysteine compounds on tHODE levels
following CCl,; administration. The hepatic tHODE levels were
measured as described in the Materials and Methods. Data are
presented as the means = SEM of 5—-6 animals. T, p < 0.05 versus
the sham group. *, p < 0.05 versus the vehicle group.

These levels were slightly decreased at 24 h after CCl,
administration in all groups. Cys compounds did not
affect these decreases induced by CCly. The plasma
thiol level was decreased in the control group, and did
not affect following administration of the Cys
compounds.

Effects of cysteine compounds on ‘CClz radical-induced
lipid peroxidation of hepatic microsomes

To examine the direct detoxifications of CCl,-
generated radicals or/and alters the metabolic
activation of CCly in vivo, we measured ?CCl; radical-
induced lipid peroxidation of hepatic microsomes.
As shown in Figure 7, addition of all Cys compounds
had no effect on time course of lipid peroxidation
induced by CCl,.

ROS generation from isolated human neutrophils
stimulated by PMA

To examine the direct inhibition by each drug i vitro,
we measured PMA-stimulated ROS production by
isolated human neutrophils using 1.-012 chemilumi-
nescence. NAC and SAC each inhibited ROS
production, whereas Cys had no effect. The ICs,
(concentration for 50% inhibition) values for NAC
and SAC were 2 X 10" *and 2 X 10> M, respectively.
The chemiluminescence intensity was completely
abolished by SOD addition (Figure 8).

Discussion

The results of the present study have demonstrated
that SAC is more effective than other Cys compounds
for attenuating CCls-induced liver damage. Three
possible mechanisms for this phenomenon may be
considered as follows: (1) SAC directly detoxifies
CCly-generated radicals or/and alters the metabolic
activation of CCly; (2) SAC scavenges ROS produced
by secondary infiltrating inflammatory cells; and (3)
SAC acts as a glutathione prodrug. These three
possible mechanisms are discussed in more detail
below.

Regarding the first possible mechanism, CCl, is
known to induce hepatic injury via reactive metab-
olites, such as the trichloromethyl radical (CCls), in
the liver microsomal P-450 system [22]. The effect of
the pre-treatment with these compounds on the
generation of ‘CCl; from CCly in wvivo has been
unclear. We clarified that none of our Cys compounds
(~1mM) inhibited ‘CCl; radical-induced lipid per-
oxidation of hepatic microsomes. However, the
production of ROS derived from 'CCl; must be
taken into consideration i vivo.

Regarding the second possible mechanism, SAC is
known to be capable of scavenging O, [5], HO [5]
and H,0, [3,10]. SAC was able to scavenge ROS
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Table I. Hepatic and plasma thiol levels at 30 min after each drug administration.

Group Sham SAC 200 mg/kg NAC 600 mg/kg Cys 600 mg/kg
Liver (mmol/g) 7.15 = 0.22 6.39 £ 0.77 8.47 * 0.44* 7.70 = 0.33
Plasma (mM) 19.5 * 2.46 22.0 = 2.31 111.1 £ 32.8% 33.6 = 1.3%

At 30 min after oral administration of the cysteine compounds, the animals were sacrificed, and assays were performed as described in the
Materials and Methods. Data represent the means = SEM of at least four animals. *p < 0.05 versus the sham group.

generated from PMA-stimulated polymorphonuclear
cell with one-tenth the potency of NAC, suggesting
that the inhibitory effect of NAC on neutrophil-
generated ROS production may be stronger than that
of SAC in vitro. However, in the present study, SAC
was more effective than NAC for attenuating liver
injury (evaluated by histology, as well as the AST,
ALT and LDH Ilevels) and lipid peroxidation
(evaluated by the LPO, HNE and tHODE levels)
i vivo. Therefore, SAC may act via other mechanisms
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Veh NAC Cys
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Figure 6. Effects of cysteine compounds on the hepatic and plasma
thiol status. Cysteine compounds were orally administered at 30 min
before treatment with CCl, (2 ml/kg, i.p.). At 24h after the CCl,
administration, the animals were sacrificed, and assays were
performed as described in the Materials and Methods. (A)
Hepatic thiol status. (B) Plasma thiol status. Data represent the
means = SEM of at least four animals. 1, p < 0.05 versus each
compound without CCl, treatment.

in addition to ROS inhibition. Additionally, SAC/SAC
metabolites i vivo may work as antioxidant.
Regarding the third possible mechanism, it has been
demonstrated that GSH plays important roles in the
detoxification of reactive metabolites of CCly, and that
liver necrosis begins when the GSH stores are almost
exhausted [23]. Both NAC and Cys have been
reported to act as Cys prodrugs and to protect against
acetaminophen-induced liver injury [16,17,24,25]. In
fact, NAC and Cys was found to significantly increase

A (nmol/mg protein)
8 L

¥ 1 L
0 10 20

)

Figure 7. Time course of lipid peroxidation in microsomes
pretreated with SAC (A), NAC (B) and Cys (C). The additions
made were: None (open circle), 0.1 mM (square), 0.5mM
(triangle), and 1mM (closed circle). All reactions were started
with the addition of CCly.
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Figure 8. ROS generation by PMA-stumulated human

polymorphonuclear cell (PMA). The generation of ROS in PMA
was assayed to examine the ability to scavenge ROS. Cells were
collected and incubated as described in Materials and Methods,
then pre-incubated with NAC (10~ °-10"2mol/l), SAC (10 °-
102 mol/l) or Cys (10~ °~107> mol/l) for 5 min at 37°C, before the
reaction was started. Reaction was started by adding 5nM PMA,
and chemiluminescence intensity using an I1.-012 probe was
recorded continuously using a Luminescence Reader. The
chemiluminescence intensity was recorded continuously for 1-—
10 min using a Luminescence Reader (BLLR-201; Aloka, Tokyo,
Japan). The intensity was completely abolished following the
addition of SOD (5 pl; 10,000 U/ml).

the hepatic and plasma GSH levels at 30 min after the
treatment in the present study. Furthermore, although
the thiol levels were decreased at 24h after CCly
treatment in all groups, these levels did not differ
significantly from those in the vehicle
group. Meanwhile, a previous study [10] reported
that SAC (0.1-10mM) recovered oxidized LDL
(0.1 g/l)-induced GSH depletion in bovine pulmonary
arterial endothelial cells. In the present study, the
concentration of SAC is unlikely to exceed 10 mM,
even if all the administered SAC is present in the
bloodstream. Furthermore, since SAC possesses part
of the Cys structure but not the SH residue, it may be
reasonable that the plasma and hepatic thiol levels did
not increase. In other words, it is unlikely that SAC
exerts its protective power by supplying its Cys
component to the liver.

SAC and SAC sulfoxide (SACS) may become N-
acetylated to form N-acetyl-S-allyl-cysteine (NSAC)
and N-acetyl-S-allyl-cysteine sulfoxide (NSACS),
respectively, since NSACS has been detected in the
urine of rats, mice and dogs [12,26] as well as in the
urine of humans who consumed garlic [27]. In
contrast, SAC is a much better substrate for flavin-
containing monooxygenases than its corresponding
mercapturic acid [28]. The metabolism of SAC has
not yet been investigated in detail. However, a recent
report pointed out that a number of garlic-derived Cys
S-conjugates (including SAC) are beta-lyase sub-
strates of liver gamma-cystathionase [29]. It is
considered that the eliminated sulfur-containing
fragment may interact with protein thiols, thereby

altering the redox state of these proteins. Therefore,
the metabolites of SAC may inhibit liver injury, and
further investigations are required to elucidate the true
target metabolites of SAC.

We evaluated the lipid peroxidation using the new
biomarker tHODE [18]. The liver tHODE levels were
dramatically decreased following administration of
SAC and NAC compared to vehicle administration in
CCly-induced liver injury. These changes in tHODE
induced by SAC and NAC were well correlated with
plasma ALT and LDH, and were better than the
prevailing markers of lipid peroxidation, LPO and
HNE. Therefore, tHODE may be a promising
biomarker for assessing oxidative stress and evaluating
antioxidant capacities i vivo.

In conclusion, the results of the present study have
demonstrated that SAC can inhibit the experimental
liver injury induced by CCl,. Although the molecular
masses and constitutional formulas of SAC and NAC
are similar, they show different protective potencies
against liver injury. Specifically, SAC (200 mg/kg) had
the equivalent efficacy to NAC (600 mg/kg) for
attenuating CCls-induced liver injury. SAC
(200 mg/kg) also showed potent effects, whereas
NAC did not at same dose. Furthermore, SAC may
be a better therapeutic tool for long-term use to
ameliorate chronic inflammatory diseases such as liver
fibrosis, due to its 30-fold lower toxicity than other
garlic components [2].
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