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Allyl mercaptan, a major metabolite
of garlic compounds, reduces cellular
cholesterol synthesis and its secretion
In Hep-G2 cells

Shangin Xu and B. H. Simon Cho

Division of Nutritional Sciences, University of lllinois and Harlan E. Moore Heart Research
Foundation, Champaign, IL USA

The cytotoxicity, cellular cholesterol synthesis, and secretion of allyl mercaptan, a major metabolite of garlic
compounds, were studied in Hep-G2 cells. The cells were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum and treated with 5, 25, 50, 100, 125, 250, apd %00allyl
mercaptan/mL for 4, 12, and 24 hours. At concentrations up topl@mo significant cytotoxic effect was noted
during those incubation periods. However, at a concentration of 2§0cell viability decreased approximately
50% compared with the controP(< 0.05) in all three incubation times. At a concentration of 508, allyl
mercaptan was highly toxic, causing extensive cell death. The treatment of cells with 5, 10, 25, 500r 100
(noncytotoxic concentration) of allyl mercaptan resulted in a marked inhibiticiHedicetate incorporation into
cholesterol. At concentrations between 5 and @0 the cholesterol synthesis was inhibited 20 to 80% in cells
and the cholesterol secretion into the medium decreased 20 to 50% compared with the ¢drtrol(5). The
concentration of allyl mercaptan required to suppress cholesterol synthesis by 50% was approximagyR5

Allyl mercaptan treatment of cells incubated with 1 mM of oleic acid also resulted in a significant decrease in
the cholesterol synthesis compared with the cells incubated with oleic acid alone#19.5 X 10° dpm/mg
protein/4 h vs. 30.0- 2.6 X 10° dpm/mg protein/4 hP < 0.05). The present study demonstrates that allyl
mercaptan is effective in inhibiting cholesterol synthesis at concentrations as lowgsdnd its inhibition is
concentration dependent. (J. Nutr. Biochem. 10:654—659, 199@) Elsevier Science Inc. 1999. All rights
reserved.
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Introduction cytes and human Hep-G2 cells to garlic extracts, allicin, and

ajoene>® The depression of activities of the cholesterogenic

enzyme 3-hydroxy-3-methyl-glutaryl coenzyme A (HMG-

CoA) reductasé;? as well as the lipogenic enzymes includ-

ing glucose-6-phosphate dehydrogenase and malic enzyme,
y garlic compounds has been reporied.

Garlic and garlic compounds are metabolized in the
intestine and liver, but allicin and some of its transformation
‘products, such as ajoene or diallyl sulfides, have never been
found in the blood, indicating that they are converted to
other compound$? Some studies have suggested that pure
This work was supported by the fund for the Moore Investigator (BHSC) garlic-related organosulfur compounds such as allicin,
s ensenioees o e o™ Ch, Dian of Nuiopa 20278, the tisulfides, and perhaps the disufdes are me-
Sciences, University of lllinois, 503 S. Sixth Str’eet, Champaign, IL USA tabolized 1pl”121a”.ly. to allyl mercaptan shortly after entering
61820. the blood-~+=Allicin also has been shown to transform to
Received February 16, 1999; accepted July 23, 1999. diallyl disulfide and allyl mercaptan in the isolated perfused

In recent years, garlic and its products have received
increased attention because of their possible beneficial
effects in reducing the risk of heart disease. Several garlic
extracts have been shown to decrease plasma cholester
and triglyceride levels in humah$ and animals$:* A

significant reduction of cellular cholesterol synthesis also
has been demonstrated after exposing primary rat hepato

J. Nutr. Biochem. 10:654—-659, 1999
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rat liver, with the former being rapidly metabolized to allyl
mercaptart® Recent studies indicated that allyl mercaptan

of allyl mercaptan on cholesterol synthesis: Xu & Cho

was further diluted with DMEM to the appropriate concen-
trations.

also reduces cholesterol synthesis in rat hepatocytes, al-
though its inhibitory effect appears to be much less than that Fatty acid/albumin complex solution

of allicin.}* However, the physiologic role of allyl mercap-
tan is largely unknown, despite the fact that allyl mercaptan
is the major metabolite of garlic compountls®

Therefore, the present study was undertaken to investi-

gate the effects of allyl mercaptan on cellular cholesterol

synthesis and its secretion using Hep-G2 cells in culture. To

find out the nontoxic level of allyl mercaptan, the cytotox-
icity was also determined at various concentrations of allyl

mercaptan. The human hepatoma-derived cell line Hep-G2

A stock solution of a fatty acid/albumin mixture was
prepared under aseptic conditic®Briefly, 20 wmoles of
sodium oleate was dissolved in 1 mL of sterilized water at
room temperature. Fiveumoles (30 mg) of BSA was
dissolved in 4 mL of DMEM. The fatty acid solution was
then added to the BSA solution dropwise while stirring. The
fatty acid/albumin solution (4 mM) prepared was optically
clear. The molar ratio of fatty acid to albumin was kept at

was chosen for the present study because these cells retaiff-1-

many normal hepatic metabolic functions including lipopro-
tein synthesis and cholesterol metaboliSm.

Material and methods
Materials

The human hepatoma cell line Hep-G2 was obtained from
American Type Culture Collection (Rockville, MD USA).
[1-H]-Acetate, sodium salt (135.4 mci/mmol), and3y2}-
glycerol (200 mci/mmol) were obtained from New England
Nuclear (Boston, MA USA). The allyl mercaptan [85%
pure, plus 12% diallyl sulfide and 1% diallyl disulfide by
high performance liquid chromatography (HPLC) analysis]
was provided by Dr. Larry Lawson (Nature’s Way Products,
Inc., Springville, UT USA). Dulbecco’s modified Eagle’s
medium (DMEM) was the product of GIBCO (Grand
Island, NY USA). Fetal bovine serum (FBS), trypsin,
ethylenediaminetetraacetic acid (EDTA), bovine serum al-
bumin (BSA), and the enzymatic cholesterol reagent kit
were obtained from Sigma Chemical Co. (St. Louis, MO
USA). Oleic acid (sodium salt, 99% pure) was purchased
from Nu Check Prep (Elysian, MN USA). All other chem-
icals and solvents were of analytical grade.

Cell culture

The cells were grown in DMEM supplemented with 10%
FBS, penicillin (100 units/mL), and streptomycin (100
pg/mL). Stock cultures were maintained in T-25 flasks at
37°C under a humidified atmosphere of 95% air and 5%
carbon dioxide. The medium was changed every third day.
When cells were grown 70 to 80% confluency, fresh
cultures were initiated. The growth medium was removed
and the cells were washed twice with a Mg®"-free
balanced Hank’s salt solution (BHSS). The cells then were
harvested by trypsinization, added immediately to DMEM
containing 10% FBS to inhibit the tryptic activity, and
centrifuged at 600 g to sediment cells. Aliquots of cell
suspension in the growth medium (22 10° cells) were
seeded and grown in T-25 flasks.

Allyl mercaptan solution

Allyl mercaptan was dissolved directly in 100% ethanol (50
mg/mL). The allyl mercaptan solution was then added to
DMEM dropwise while stirring (1 mg/mL). This stock

Cytotoxicity of allyl mercaptan

The cells (1x 10% were seeded into each well of 24-well
culture plates and grown in DMEM containing 10% FBS for
48 hours. By that time, a dense monolayer had formed. The
culture medium was removed and the monolayer was
washed twice with BHSS. The cells were then incubated
with 1 mL of the serum-free medium containing different
concentrations of allyl mercaptan (0, 5, 25, 50, 125, 250,
and 500ug/mL) for 4, 12, and 24 hours. The cells then were
detached using a solution of trypsin-EDTA (0.005%) in
BHSS and were immediately resuspended in DMEM sup-
plemented with 10% FBS to inhibit the tryptic activity.
Trypan blue solution (0.4%) and cell suspension were
mixed in equal quantities (0.1 mL). The cell numbers were
counted using a hemocytometer, and nonstained cells were
scored as viable. The control medium contained ethanol
(0.05%) in place of allyl mercaptan. Prior to experiments,
cells were incubated with various concentrations of ethanol
(0, 0.05%, 0.5%, and 1.0%) for 4 and 24 hours. No effect on
cell viability was noted in those concentrations of ethanol,
which was similar to that reported by Dashti efal.

Incorporation ofH-acetate into cholesterol and
fatty acids

The cells were grown in T-25 flasks in DMEM containing
10% FBS as described above. At day 6, the growth medium
was removed and cells were washed twice with Hank’s
buffer. The cells were then incubated with 3 mL of the
serum-free DMEM containing 3uci of 3H-acetate and
various concentrations of allyl mercaptan (0, 5, 10, 25, 50,
and 100pg/mL). In another study, the cells were incubated
with 3 mL of the serum-free DMEM containing 1 mM of
oleic acid/albumin mixture, 7p.g of allyl mercaptan, and 3
wci of *H-acetate. Controls received ethanol (0.05%) alone.
After 4 hours of incubation, the medium was collected and
stored at—20°C. The cells were washed twice with BHSS,
harvested by trypsinization, and centrifuged at 2,000 rpm
for 5 minutes at 4°C. The cells were resuspended in 1 mL of
distilled water and sonicated with an ultrasonic cell dis-
rupter (Cell Disrupter, Polygon, Brinkmann Inst., Westbury,
NY USA) at grade 3 for 20 seconds. An aliquot (2B) of
homogenate was taken and the protein content was deter-
mined by the method of Lowry et &F. The lipids from the

cell homogenate and medium were extracted by the method

solution was prepared fresh just prior to the experiment and of Folch et al*® The total lipid extracts were saponified in
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Figure 1 Effects of various concentrations of allyl mercaptan on cell

viability. The cells were incubated in a serum-free Dulbecco’s modified
Eagle’s medium containing 5, 25, 50, 125, 250, or 500 pg/mL of allyl
mercaptan for 4, 12, and 24 hours. Values are represented as the
mean = SEM (n = 6) of viable cells after treatment, expressed as a
percentage of the control.

3 mL of 3.75% methanolic potassium hydroxide at 90°C for
4 hours and acidified with 0.5 mLfo4 N HCIL.2° After
saponification, the lipids were extracted again with chloro-
form/methanol (2:1,v/v) and were separated on silica gel
plates using petroleum ether/diethyl ether/acetic acid (85:
15:1, viviv) as developing solvents. The cholesterol and
fatty acid bands were visualized by exposure to iodine
vapor. The cholesterol and fatty acid bands were then cut
into vials, added to 5 mL of toluene scintillation fluid (0.5%
PPO and 0.03% POPOP), and the radioactivity counted in a
Beckman Model LS 5800 scintillation counter (Beckman
Instruments, Palo Alto, CA USA).

Incorporation ofH-glycerol into triglyceride
and phospholipid

After cells were grown in DMEM for 6 days, the medium
was removed and the cells were washed twice with Hank’s
buffer. The cells were then incubated with 3 mL of the
serum-free DMEM containing 1.8.ci *H-glyerol and 75
pg/mL of allyl mercaptan. After 4 hours of incubation, the
medium was collected and stored-a20°C. The cells were
homogenated and the total lipids from the cell homogenate
and medium were extracted by the method of Folch &% al.
The lipid extracts were redissolved in chloroform and were

separated by thin-layer chromatography as described above.

The triglyceride and phospholipid bands were visualized by
exposure to iodine vapor. The triglyceride and phospholipid
bands were then cut into vials, 5 mL scintillation fluid was
added, and the radioactivity was counted as described
above.

656 J. Nutr. Biochem., 1999, vol. 10, November

Statistical analysis

Data are presented as mearns SEM. The data were
evaluated statistically using Studentigest or one-way
analysis of variance and Duncan’s Multiple Range test to
compare the significant difference between the groups at a
P-value of less than 0.05.

Results

The effects of various concentrations of allyl mercaptan on
viability of Hep-G2 cells during different incubation times
are shown irFigure 1 At concentrations up to 12pg/mL,
no significant cytotoxic effect was noted during the 4-, 12-,
and 24-hour incubation periods. Average viable cell counts
(x10% in those concentrations (5-1,2§/mL) were 77.7+
17.4 (79.5+ 3.6/control) at 4 hours, 86.4 19.0 (90.0+
4.7/control) at 12 hours, and 134.6 11.7 (150.0 =
9.1/control) at 24 hours. At a concentration of 256/mL,
cell viability decreased approximately 50% compared with
the control P < 0.05) in all three incubation times. At a
concentration of 50Q.g/mL, cell viability decreased to 30%
during the 4- and 12-hour incubation periods, and it de-
creased to 10% at 24 hours compared with the confret. (
0.05). The viable cellsX 10% that remained were 24.6
0.4 at 4 hours, 31.5 1.5 at 12 hours, and 176 1.5 at 24
hours. When the monolayer of cells was examined under the
light microscope, the cells appeared normal at concentra-
tions up to 100ug/mL. At 250 and 50Qug/mL, however,
morphologic abnormalities including cellular disintegration
were very apparent.

Based on cell viability and morphologic appearance,
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Figure 2 Effects of various concentrations of allyl mercaptan on
cholesterol synthesis in Hep-G2 cells. The cells were incubated in a
serum-free Dulbecco’s modified Eagle’s medium containing 5, 10, 25,
50, and 100 pg/mL of allyl mercaptan and ®H-acetate (1 pci/mL) for 4
hours. Values are mean = SEM (n = 6).
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Figure 3 Effects of various concentrations of allyl mercaptan on
cholesterol secretion in Hep-G2 cells. The cells were incubated in a
serum-free Dulbecco’s modified Eagle’s medium containing 5, 10, 25,
50, and 100 pg/mL of allyl mercaptan and ®H-acetate (1 pci/mL) for 4
hours. Values are mean = SEM (n = 6).

concentrations up to 10Qg/mL were chosen as nontoxic
levels of allyl mercaptan to carry out subsequent studies.
The treatment of cells with 5, 10, 25, 50, or 1p@/mL
(noncytotoxic concentrations) of allyl mercaptan resulted in
a marked inhibition ofH-acetate incorporation into choles
terol in cells Figure 2). Allyl mercaptan exerted a concen-
tration-dependent inhibition of cholesterol synthesis. At a
concentration of 5ug/mL, ®H-acetate incorporation into
cholesterol was inhibited approximately 20% compared
with the control P < 0.05). The average inhibition of
cholesterol synthesis was 30%, 50%, 70%, and 80% with
concentrations of 10, 25, 50, and 1@/mL, respectively

(P < 0.05). The concentration of allyl mercaptan required to
suppress cholesterol synthesis by 50%;{)Qvas approxi
mately 25p.g/mL (0.4 mM).

Allyl mercaptan treatment also resulted in a significant
decrease in cholesterol secretidfigure 3). At a concen-
tration of 5wg/mL, cholesterol secretion into the medium
decreased approximately 20% compared with that of the
control P < 0.05). A 50% decrease was noted at the
concentration of 2ug/mL, and the decrease leveled off at
concentrations above 2bg/mL (46-53%). However, the
treatment of cells with 5, 10, 25, 50, or 1p@/mL of allyl

mercaptan had no apparent effect on the incorporation of Control

*H-acetate into fatty acids of either cellular or medium
lipids (Table 1.

The effect of allyl mercaptan on incorporation -
acetate into cholesterol with and without 1 mM of oleic acid
treatment is shown iffable 2 The treatment of cells with
25 pg/mL of allyl mercaptan significantly decreaséd-
acetate incorporation into cholesterol in cells compared with

of allyl mercaptan on cholesterol synthesis: Xu & Cho

Table 1. FEffects of allyl mercaptan on H-acetate incorporation into
fatty acid in cellular and medium lipids*

SH-Acetate incorporation into fatty acid®

Concentration
(ng/mL) Cellular lipid Medium lipid
None 2196 7.0 22 +0.2
5 242.7 = 16.5 2.6 +0.3
10 207.0 = 101 2.3+ 0.1
25 239.9 = 9.9 21 *04
50 2111+ 7.8 23+0.2
100 210.1 = 6.1 2.1 £0.1

*Values are mean = SEM (N = 6).
Tdpm x 10%/mg cell protein/4 h.

that of the control (10.5 10° + 1.9 dpm/mg protein/4 h vs.
22.3% 10° + 1.5 dpm/mg protein/4 i < 0.05). The level

of radiolabeled cholesterol secretion into the medium also
decreased significantly compared with that of the control
(P < 0.05). The treatment of cells with 1 mM of oleic acid
significantly increased cellular cholesterol synthesis com-
pared with the controlR < 0.05). Allyl mercaptan treat-
ment of cells incubated with 1 mM of oleic acid resulted in
a significant reduction in the cholesterol synthesis in cells
(19.5= 1.2 x 10*dpm/mg cell protein/4 h vs. 308 2.6 X

10° dpm/mg cell protein/4 h) and cholesterol secretion into
the medium (0.8 0.05 X 10° dpm/mg cell protein/4 h vs.
1.5+ 0.1 X 10° dpm/mg cell protein/4 h) compared with
those of oleic acid aloneP( < 0.05). Although allyl
mercaptan significantly inhibited cholesterol synthesis and
its secretion, it had no effect on either cellular fatty acid
synthesis or saponifiable lipids secreted into the medium.
Similarly, *H-glycerol incorporation into triglyceride and
phospholipid in cells and secretion of those lipids into the
medium also were not significantly affected by allyl mer-
captan Table 3.

Discussion

The present study demonstrates that allyl mercaptan, a
metabolite of garlic compounds, caused a low level of
cytotoxicity in Hep-G2 cells at concentrations up to 125
pg/mL of incubation medium, but that cell viability de-
creased to 50% and 30% at concentrations of 250 and 500

Table 2. FEffects of allyl mercaptan (AM) on 3H-acetate incorporation
into cholesterol and fatty acid in cells and medium*

3H-Acetate incorporation

Cellular lipid* Medium lipid*
Treatment? Cholesterol ~ Fatty acid ~ Cholesterol Fatty acid
22325 1136 £6.22 1.7 x0.2% 3.3=0.1
AM 10.5=1.9° 109.8 +55% 0.6+ 0.0° 3.7 =04
Oleic acid 30.0 26 39.4+06° 15+0.12 33*=05
Oleic acid + AM 19.5 + 1.2° 415 +3.0° 0.8+ 0.0° 3.2*06

*Values are mean = SEM (N = 6). Values in the same column sharing a
different superscript letter are significantly different (P < 0.05).

TAM, 25 ug/mL, 0.4 mM; oleic acid, 1 mM.

*dpm X 10%/mg cell protein/4 h.

J. Nutr. Biochem., 1999, vol. 10, November 657
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Table 3. Effects of allyl mercaptan on ®H-glycerol incorporation into
triglyceride and phospholipid in cells and medium*

Triglyceride" Phospholipid®
Treatment Cell Medium Cell Medium
Control 30360 1.7x03 972=*x55 48=*03
Allyl mercaptant 195+21 13+01 837+79 45=+0.1

*Values are mean = SEM (N = 6).
Tdpm x 10%/mg cell protein/4 h.
25 pg/mL.

internal disulfides, which are inaccessible for reduction by
thiol agents, has been suggested to be the cause of this
inactivation?’

In the present study, Hep-G2 cells also were incubated
with oleic acid to stimulate cholesterol synthesis, because
the increased availability of fatty acids has been reported to
stimulate HMG-CoA reductase activity in cultured hepato-
cyteg® and oleic acid caused the most pronounced rise of
HMG-CoA reductase in the perfused rat liV&rin agree-
ment with previous studie’$;?°the incubation of cells with
1 mM of oleic acid resulted in a significant increase in
cellular cholesterol synthesis. The possible mechanism that
involves oleic acid may be the removal of free cholesterol

pg/mL, respectively. The ingestion of high amounts of from its inhibitory site, either by stimulating the esterifica-
garlic and garlic extracts has been reported to cause toxiction of cholesterol to cholesteryl ester or by its utilization of
effects on the liver or the function of liver enzym@sThe cholesterol for lipoprotein assembly and secretion. It is
cytotoxic level of ajoene in human primary fibroblasts also known that the stimulating effect of excessive free fatty acid
has been reported in the range of 2 to &@mL.22 When on cholesterol synthesis contributes to an increase in the
Hep-G2 cells and rat hepatocytes were exposed to allicin size of the cholesteryl ester storage pool in the I#?dn the

and ajoene, cell death occurred at concentrations above 8(resent study, allyl mercaptan treatment of cells incubated
pg/mL (0.5 mM) of the former and 23gg/mL (1 mM) of with 1 mM of oleic acid also significantly decreased
the latter> Allyl mercaptan has also been reported to cause *H-acetate incorporation into cholesterol compared with
cytotoxicity in rat hepatocyte¥, but its cytotoxicity ap- that of cells incubated with oleic acid alone (19:51.2 X
peared to start at much higher concentrations than that10® dpm vs. 30.0+ 2.6 X 10° dpm), neutralizing the
found in the present study. stimulatory effect of oleic acid by almost 35%.

Although the mechanism of garlic-induced cytotoxicity The present findings clearly demonstrate that allyl mer-
is not clearly understood, it has been suggested that ajoeneaptan is effective in suppressing the synthesis and excretion of
could interfere with cellular sulfur hydryl (SH) homeostasis cholesterol in Hep-G2 cells. Although it is rather difficult to
by affecting the glutathione (GSH) cycle through oxidation interpret the relevance of current data to dietary effect of garlic
of GSH by the sulfoxide grouf® It has been shown that in vivo, allyl mercaptan, which is a major metabolite of

ajoene inactivates GSH reductase by reacting with the SHgarlic compounds circulating in the blood, could be partly
group of the enzyme and formation of the mixed disulfide. responsible for the cholesterol-lowering effect of garlic.

The depletion of GSH results in protein-SH oxidation, lipid
peroxidation, and disturbances of the cellular metabolism,
which may lead to cell deatf¥:>* However, a recent study
has shown that the treatment of human prostate carcinoma
cells with 50 pg/mL of S-allylmercaptocysteine and
S-allylcysteine increased GSH formati&hThere also ap- 2
pears to be a concentration-dependent effect of garlic deriva-
tives on GSH: Ajoene stimulated GSH synthesis at low 3
concentrations whereas the GSH level sharply decreased at
the high dose of ajoer@. Therefore, the overall effect of 4
garlic derivatives on GSH metabolism and their underlying
cytotoxic mechanisms needs further clarification.

In the present study, the treatment of cells with allyl
mercaptan resulted in a significant inhibition of cholesterol
synthesis. The inhibitory effect of cholesterol synthesis by
allyl mercaptan was concentration-dependent, with g, IC
value of approximately 2p.g/mL (400M), and even at a
concentration of 5ug/mL, the cholesterol synthesis de-
creased approximately 20% compared with the control. The
present finding is in agreement with the report that allyl
mercaptan exerts an inhibitory effect on cholesterol synthe-
sis, with a IG, value of 450uM in rat hepatocyte$? The
inhibition of “H-acetate incorporation into cholesterol by
allyl mercaptan could be due to the decreased activity of
HMG-CoA reductase, because water-soluble garlic extracts,10
allicin, and ajoene have been shown to lower the activity of
HMG-CoA reductase in rat hepatocyte§The inactivation
of HMG-CoA reductase by diallyl disulfide also was re-
ported in rat hepatocyté§, and the formation of protein

1
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