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Allicin inhibits cell growth and induces apoptosis through the
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Abstract

In this article, the effects of allicin, a biological active compound of garlic, on HL60 and U937 cell lines were examined. Allicin induced
growth inhibition and elicited apoptotic events such as blebbing, mitochondrial membrane depolarization, cytochrome ¢ release into the
cytosol, activation of caspase 9 and caspase 3 and DNA fragmentation. Pretreatment of HL60 cells with cyclosporine A, an inhibitor of the
mitochondrial permeability transition pore (mPTP), inhibited allicin-treated cell death. HL60 cell survival after 1 h pretreatment with
cyclosporine A, followed by 16 h in presence of allicin (5 uM) was ~80% compared to allicin treatment alone (~50%). Also N-acetyl
cysteine, a reduced glutathione (GSH) precursor, prevented cell death. The effects of cyclosporine A and N-acetyl cysteine suggest the
involvement of mPTP and intracellular GSH level in the cytotoxicity. Indeed, allicin depleted GSH in the cytosol and mitochondria, and
buthionine sulfoximine, a specific inhibitor of GSH synthesis, significantly augmented allicin-induced apoptosis. In HL60 cells treated with
allicin (5 uM, 30 min) the redox state for 2GSH/oxidized glutathione shifted from Egsy —240 to —170 mV. The same shift was observed in
U937 cells treated with allicin at a higher concentration for a longer period of incubation (20 uM, 2 h). The apoptotic events induced by
various concentrations of allicin correlate to intracellular GSH levels in the two cell types tested (HL60: 3.7 nmol/10° cells; U937: 7.7 nmol/
10° cells). The emerging mechanistic basis for the antiproliferative function of allicin, therefore, involves the activation of the mitochondrial
apoptotic pathway by GSH depletion and by changes in the intracellular redox status.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Allicin, diallyl thiosulfinate, is the main biologically
active compound derived from garlic. It is produced by the
interaction of the enzyme alliinase (alliin lyase; EC 4.4.1.4)
with its substrate alliin (S-allyl-L-cysteine sulfoxide) [1].

Abbreviations: BSO, D,L-buthionine S,R-sulfoximine; CsA, Cyclosporin
A; DTNB, 5,5-dithiobis-(2-nitrobenzoic acid); GGCS, +vy-Glutamyl-L-
cysteine synthetase; GSH, Reduced glutathione; GSSA, S-allylmer-
captoglutathione; GSSG, Oxidized glutathione; mPTP, Mitochondrial
permeability transition pore; NAC, N-acetyl-L-cysteine; XTT, 2,3-Bis
(2-methoxy-4-nitro-5-sulfophenyl)-2 H-tetrazolium-5-carboxanilide sodium salt.
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Since alliinase and alliin are enclosed in different compart-
ments within the garlic clove cells, intact garlic cloves do not
contain allicin. When the garlic clove is crushed, alliin and
alliinase interact, to form allicin, pyruvic acid and ammonia
(Scheme 1). Allicin became an object of interest due to its
potential to confer a vast spectrum of health beneficial effects
including: anti microbial, antifungal and antiparasitic [2],
antihypertensive [3], cardioprotective [4—6], anti-inflamma-
tory [7] and anticancer activities [2,8,9].

In vitro studies of allicin’s effect on human mammary
MCEF-7 cancer cells revealed that its antiproliferative activity
is accompanied by accumulation of cells in the regulatory
checkpoints, Go/G; and G,/M, of the cell cycle [9].
Interestingly, also other ally sulfur compound cause similar
effects [10]. Allicin was shown to induce apoptosis in gastric
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cancer SGC-7901 cells. The cause of apoptosis was related
to decreased telomerase activity, an enzyme which allicin
inhibits in a time- and dose- dependent manner [11]. Allicin
induces apoptosis in human cervical cancer SiHa cells and
mouse fibroblast-like L-929 cells, manifested through the
appearance of characteristic apoptotic morphological
changes in apoptotic bodies, through DNA fragmentation,
and activation of caspases 8, 9 and 3 [12]. Allicin was also
shown to induce apoptosis in human epithelial carcinoma
through a caspase-independent pathway, mediated by the
release of apoptotic-inducing factor (AIF) from mitochon-
dria and protein kinase A (PKA) activation [13]. More
results describing the effects of allicin or other garlic-derived
products on various proteins participate in the apoptotic
process have already been reported [14]. However, the
mechanism underlying the induction of cell death by allicin
has not been fully elucidated.

Apoptosis is an ordered cascade of events that
culminates in cell death. Two main pathways of apoptosis
have been characterized. The extrinsic pathway is initiated
through ligand stimulation of the cell surface death
receptors such as TNFR or CD95R. In this pathway, cell
death is executed via a cascade of proteolytic events with
the sequential activation of caspase 8 and caspase 3. The
intrinsic pathway is triggered by mitochondrial stress
caused by various factors such as DNA damage, oxidative
stress and heat shock (reviewed [15]). This pathway is
initiated through the release of signal factors from
mitochondria as a consequence of mitochondrial membrane
permeability transition. Such changes lead to translocation
of pro- and antiapoptotic proteins across the mitochondrial
membranes [16,17]. Among these proteins is cytochrome
¢, which is released from the mitochondria to the cytosol
and participates with other molecules in the formation of a
complex that activates caspase 9, which in turn activates
caspase 3. The activation of these caspases leads to the
final fragmentation of nuclear DNA, with the typical
apoptotic morphological manifestations.

Allicin easily diffuses through cell membranes (diffusion
coefficient 5x10°° cm?s™") [18] and exerts its biological
effects by reacting with free thiols within the cell. In living
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cells, reduced glutathione (GSH) is the major free thiol
participating in cellular redox reactions and mixed disulfide
formation. GSH is therefore the main cellular target of allicin
reaction (Scheme 2). Both allicin and its glutathione
derivative, S-allylmercaptoglutathione (GSSA), can prevent
the formation of free radicals. GSSA is similar in this
preventive capacity to GSH, both being less effective in this
antioxidant activity than allicin [19-21]. Allicin can
scavenge the chain-carrying peroxyl radicals of the sub-
strates by transferring its allylic hydrogen to the oxidized
substrate. This renders it a stronger antioxidant than its
derivatives [22].

Allicin is a short-lived compound, which rapidly reacts
with free intracellular thiol groups [18,19,22]. It was found
to disintegrate in the blood a few minutes after its
administration, both in vitro in human blood [23] and in
vivo in rats [24]. Therefore, the therapeutic effect of allicin
administered orally may be restricted to targets that are
close to the gastrointestinal tract. However, its main
oxidation products, S-allylmercapto-glutathione and S-
allylmercapto-cysteine, could exert their action in more
remote sites within the body because they are more stable.
The rapid disappearance of allicin can be exploited in
tumor cells targeting. We previously showed that allicin
kills tumor cells in vitro [25,26] and also in vivo if
generated on their surface by conjugating alliinase to
monoclonal antibodies directed to specific cell-surface
receptors, such as ErbB2, overexpressed in breast and
ovarian cancer [25]; CD20, a receptor expressed at high
levels in human B chronic lymphocytic leukemia and other
B-cell lymphomas [26].

The redox environment of a cell reflects the sum of the
products of the reduction potential and the reducing capacity
of the linked redox couples operating within the cell [27,28]
Glutathione is considered to be the major thiol-disulfide
redox buffer of cells [29]. The redox state of the 2GSH/
oxidized glutathione (GSSG) redox couple depends on their
molar ratio. Upon reacting with GSH, allicin causes a
decrease in free GSH concentration and an increase in mixed-
disulfide glutathione products, which leads to an increase in
the reduction potential values. Allicin also reacts with other
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free sulthydril (SH)-bearing molecules in the cell, such as
cysteine and SH residues in proteins, yet their relatively low
concentrations contribute only little towards changing the
reduction potential of the cell upon oxidation. The reduction
potential of cells was proposed to reflect their growth cycle.
Accordingly, the reduction potential of proliferating cells (pH
7.0) is Egsy —240 mV. Increased values (Egsg —200 mV)
represent differentiation, and a further oxidative shift to a
higher value (Egsy —170 mV) elicits apoptosis [27]. In this
study, we aimed to examine the initial events leading to
apoptosis upon allicin treatment and the dependence of the
apoptotic pathway on the reduction potential of cells.

2. Materials and methods

Alliin was synthesized from L-cysteine and allyl bromide
followed by H,O, oxidation [30]. Allicin (purity ~98%) was
produced by applying synthetic alliin onto an immobilized
alliinase column and its concentration was determined by
high-performance liquid chromatography, as previously
described [31].

2,3-Bis (2-methoxy-4-nitro-5-sulfophenyl)-2 H-tetrazo-
lium-5-carboxanilide (XTT) sodium salt; D,L-buthionine S,
R-sulfoximine (BSO); cyclosporin A (CsA); N-acetyl-L-
cysteine (NAC); 5,5’-dithiobis-(2-nitrobenzoic acid)
(DTNB); metaphosphoric acid; phenazine methosulfate
(PMS) and 2-vinylpyridine were purchased from Sigma
Chemical (St. Louis, MO, USA).

2.1. Cell culture, cell viability and morphological studies.

HL60 human promyelocytic leukemia-derived cells and
U937 human myelomonocytic cells were maintained in
RPMI-1640 supplemented with 2 mM L-glutamine, 10%
(v/v) fetal bovine serum and antibiotics. Cell viability was
measured using the XTT assay, based on the reduction of
tetrazolium salt to soluble formazan compounds by
mitochondrial enzymes. Cells (15.000—20.000 cells/well)
were seeded in a 96-well plate. After 16-h incubation with
allicin, in the presence or absence of NAC (0.1-1.0 mM) or
after 16 h incubation with BSO (0.1 mM) alone, 50 pl of
XTT/PMS mixture (50 pM PMS, 0.1% XTT in medium)
were added onto the cells. After an incubation period of 3—
4 h at 37°C, the absorbance of the samples was measured
in an enzyme-linked immunosorbent assay (ELISA) reader
at 450 nm. SDS (1%, 10 pl/well) was added to reference
wells before adding the XTT/PMS solution.

HL60 cells (300,000/ml) were pretreated with CsA for 1 h.
Cells were seeded in a 96-well plate (20,000 cells/well) in the
presence of allicin. The viability was tested by the XTT assay.
The analysis of apoptotic morphological changes was done
by staining cells with Hoechst 33342 at 37°C for 30 min in
medium, washing with phosphate-buffered saline (PBS) and
examining by fluorescence microscopy. For evaluating DNA
ladder formation, cellular DNA was extracted from cells by
ethanol precipitation of the phenol/chloroform extract [32].

After electrophoresis (5—-10 pg DNA/lane) on an agarose
(2.5%) gel, DNA was visualized by ethidium bromide
staining.

Mitochondrial membrane potential was measured by
using the fluorescent dye, Mito Tracker Red CMXRos
(Molecular Probes, Eugene, OR, USA) that accumulates
selectively in active mitochondria. Cells were washed with
medium, incubated with Mito-Tracker Red CMXRos for 30
min at 37°C, washed with PBS and examined under
fluorescence microscopy (Olympus, Tokyo).

Mitochondria were prepared from cultured cells (5—
10x107) as described elsewhere [33]. Cells were harvested
and washed with PBS (600 g, 7 min). Cell pellets were
suspended in 0.5 ml cold hepes isotonic mitochondrial buffer
(HIM) buffer (200 mM mannitol, 70 mM sucrose, 1 mM
EGTA, 10 mM HEPES-KOH buffer, pH 7.5) containing
protease inhibitors, incubated 30 min on ice and homo-
genized by multiple passages through a 25-gauge needle (5/8
in.). Nuclei and unbroken cells were removed (1300 g, 8 min
at 4°C). Protein and free SH were determined in the cytosol,
supernatant (10,000 g, 30 min at 4°C) and in the
mitochondria-enriched fraction (pellet, dissolved in HIM
buffer containing 1% Triton X-100). Protein assay was done
with the Biuret Reagent [34] or the BCA protein assay kit
(Pierce, Rockford, IL, USA).

2.2. Cell cycle analysis

HL60 cells were pretreated with CsA (5 pM, 1 h) and then
cultured further for 20 h in the presence or absence of allicin.
After harvesting, washing and resuspending in 0.25 ml PBS,
an equal volume of 0.005% propidium iodide solution
containing 0.01% heated-RNase A and 0.3% Triton X-100
was added. Cells were analyzed by flow cytometry using
fluorescence-activated cell sorting (Becton Dickinson
FACScan Instrument using CellQuest software (BD
Bioscience, San Jose, CA, USA).

2.3. Electrophoresis and Western blot analysis

Cell pellet was resuspended in lysis buffers A or B [32].
Lysis buffer A (2xPBS, 0.1% sodium dodecyl sulfate (SDS),
1% Nonidet P-40, 0.5% sodium deoxycholate) containing
protease inhibitors was used to analyze of caspases 3, 8 and 9.
Lysis buffer B (250 mM sucrose, 20 mM HEPES-KOH buffer,
pH 7.5, 10 mM KCI, 1.5 mM MgCl,, | mM EDTA, 1 mM
EGTA, 1 mM dithiothreitol [DTT]) containing protease
inhibitors was used to analyze the presence of cytochrome ¢
in the cytosol as described above (Section 2.2), After
centrifugation (10,000g, 30 min, 4°C) the supernatant was
separated by SDS-polyacrylamide gel electrophoresis using
15% gel and transferred electrophoretically onto a polyviny-
lidene difluoride (PVDF) membrane (Du Pont, Boston, MA,
USA). The membrane was incubated overnight at 4°C with the
following antihuman antibodies: anti (-actin (Sigma-—
Aldrich), anti-caspase 3 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), anti-caspase 8 (MBL, Nagoya, Japan), anti
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caspase-9 (Novus Biological, Littleton, CO, USA) and anti
cytochrome ¢ (Upstate Biotechnology, Lake Placid, NY,
USA). The membranes were washed with tris-buffered saline
Tween-20 (TBST), incubated with HRP-conjugated secondary
antibody for 1 h at room temperature and washed with TBST.
Proteins were detected with an enhanced chemiluminescence
(ECL) detection kit (New England Biolabs) and a chemilumi-
nescence detector (LAS-1000, Fuji, Japan).

2.4. Determination of cell volume

The volume of nontreated cells was determined by
calculating sphere volumes based on diameter measurement
of 100 cells. Since the morphology of treated cells was not
spherical, cell volume was estimated by weighing the pellet
of 2-4x10° cells and evaluating the volume on the
assumption of 1/1 w/v.

2.5. Assay for glutathione and free SH

Cells were collected (600 g, 7 min, 4°C), washed with PBS
and the pellets were stored at —80°C. After protein precipita-
tion with 5% metaphosphoric acid (0.2—0.3 ml/3x10° cells) by
centrifugation (10,000g, for 30 min), the supernatant was used
for GSH quantitation, and the pellet, dissolved in 0.2—0.3 ml of
0.5 M NaOH, was used for protein determination. To
determine GSH in the supernatant, a glutathione assay kit
(Calbiochem) was used. GSH and GSSG content were also
determined by the glutathione reductase recycling assay before
and after modification with 2-vinyl pyridine [35]. Samples
(40 ul) were neutralized with 2 M triethanolamine (10 pl) in a
96-well plate. The reaction was started by adding 200 pl per
well of 0.4 U/ml enzyme in 143 mM phosphate buffer pH 7.5
containing 0.3 mM reduced nicotinamide adenine dinucleo-
tide phosphate, 0.6 mM DTNB and 6.25 mM EDTA. The
initial rate of 5-thio-2-nitrobenzoic acid formation was
monitored. Determination of GSSG was done 1 h after
modification of the free SH with 9 M 2-vinyl pyridine (1 pl/
well) at room temperature. Oxidized glutathione (0—6 nmol/
well) served as a reference.

Total free SH content in cell extracts or in cytosolic and
mitochondrial fractions (50 pl) was determined with DTNB
in a 96-well plate. Samples were acidified with 5%
metaphosphoric acid (50 pl/well) to stabilize the reduced
state and neutralized with 2 M triethanolamine (50 pl/well).
DTNB (50 pl of 1 mM solution in 50 mM phosphate buffer
pH 7.2 containing 2 mM EDTA) was added. After 10 min of
incubation, the absorbance was measured at 412 nm using an
ELISA reader. GSH (0—20 nmol/well) precalibrated with
DTNB served as a reference, using Ey; 14150 M ! at 412 nm
[36]. Reduction potential was calculated by using the Nernst
equation for GSSG/2GSH: Egsy=E¢—30xlog ([GSHJ/
[GSSG]) [27].

2.6. Statistical analysis

Each experiment was performed at least three times, and
the results were expressed as mean values+ S.D. (n=2-0).

The Student ¢ test was used to determine the significance of
differences between the mean values obtained for the two
cell lines. Otherwise, the various treatments, were analyzed
using one-way analysis of variance (ANOVA) followed by
either Dunnett or Bonferroni’s multiple comparison test,
considering P<.05 as significant.

3. Results
3.1. Allicin inhibited proliferation of HL60 and U937 cells

The proliferation rate of exponentially growing HL60
and U937 cells in the presence of allicin was determined at a
density of 100,000 cells ml™'. Cells were incubated with
increasing concentrations of allicin (HL60: 0—10 uM; U937:
0-30 uM) for growing time periods up to 72 h. Cell
viability was determined by the trypan blue dye exclusion
assay. Allicin inhibited cell growth in a concentration-
dependent manner (Figs. 1A and 2A for HL60 and U937,
respectively). In the presence of 5 pM allicin, HL60 cells
exhibited about 50% inhibition of proliferation after 22 h,
and at 10 uM allicin after 22 h, the rate of inhibition reached
80% (Fig. 1A). HL60 cells were more sensitive to allicin
than U937 cells. Inhibition of U937 cell proliferation
reached 50% and 60% at 15 and 20 pM allicin, respectively,
after 22 h (Fig. 2A). We therefore chose to continue the
study of HL60 and U937 cells (100,000 cells/ml) at 5 and
20 puM allicin, respectively.

3.2. Allicin induced apoptosis in the cells

3.2.1. Morphological changes

Morphological changes indicating apoptotic processes
were observed by staining the cells with Hoechst 33342.
Distinct nuclear condensation was observed in HL60 cells
treated with allicin (5 uM) for 16 h (Fig. 1B) and U937 cells
treated with allicin (20 pM) for 40 h (Fig. 2B). In both
allicin-treated cell lines, more than 90% of the cells showed
blebbing after 2 h (Fig. 3A, lower panel).

3.2.2. DNA fragmentation

A DNA ladder appeared in allicin (5 pM)-treated HL60
cells 6 h after treatment, whereas in allicin (20 uM)-treated
U937 cells, it appeared only after 40 h (Figs. 1C and 2C).

3.2.3. Cytochrome c release into cytoplasm and activation
of caspases

To better understand the mechanism of allicin-induced
apoptosis, Western blot analysis was used to detect
apoptosis-related proteins. Increased amounts of cytochrome
c appeared in the cytosol of allicin (5 pM)-treated HL60 cells
after 2.5 h of incubation. An increase in cleaved caspase 9
appeared 4 and 6 h after adding allicin, and it gradually
decreased to the basal level after 30 h. Cleaved caspase 3
appeared after 16 h and was still observed 30 h after the
treatment (Fig. 3B). U937 cells reacted at a slower rate to
allicin (20 uM) treatment. Cytochrome ¢ release into the
cytosol began 6 h after adding allicin and reached a maximal
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Fig. 1. Effect of allicin on cell growth of human leukemia HL60 cells. (A) Growth dependent of HL60 cells on allicin concentration. Viable cells were counted at
various time intervals between 0—72 h after staining with trypan blue. Data represent the mean value of % viable cells (nontreated=100%)+S.D. (B) Apoptotic

changes observed after Hoechst 33342 (5 pg/ml) staining for 30 min. Cells were treated with 5 pM allicin for 16 h. (C) Nucleosomal DNA fragmentation of
nontreated cells and allicin-treated HL60 cells (5 pM, 6 h, 5 pg/lane). Lane M is a DNA size marker.
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Fig. 2. Effect of allicin on cell growth of human leukemia U937 cells. (A) Growth dependence of U937 cells on allicin concentration. Viable cells were counted at
various time intervals between 0—72 h after staining with trypan blue. Data represent the mean value of % viable cells (nontreated=100%)+S.D. (B) Hoechst

33342 (5 pg/ml) staining for 30 min of cells treated with 20 pM allicin for 40 h. (C) Nucleosomal DNA fragmentation of nontreated cells and allicin-treated U937
cells (20 pM, 40 h, 10 pg/lane). Lane M is a DNA size marker.
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Fig. 3. (A) Morphological changes in HL60 and U937cells treated with allicin. HL60 and U937 cells treated with allicin (5 or 20 uM, respectively) for 2 h were
collected and washed with PBS. Cells were visualized by confocal microscopy (original magnification x40). (Upper panel) Nontreated cells (the diameter of 100
cells was measured). (Lower panel) Allicin-treated cells. (B) Immunoblot analysis of extracts (20 pg protein/lane) from allicin treated HL60 cells at various time
of allicin (5 pM) treatment. The degrees of cytochrome ¢ release into the cytosol and of caspase 9 and caspase 3 activation were assessed. 3-Actin served as a
control to the amount of loaded protein. The analysis of caspase 3, 9 and -actin was done on the same blot after stripping. The data were obtained from one
representative experiment (total of three independent experiments). (C) Staining of HL60 cells with MitoTracker Red CMXRos. HL60 cells treated with allicin (5
M, 6 h) were collected, resuspended in fresh medium and were stained for 30 min with MitoTracker Red CMXRos (0.05 1M, 30 min). After washing twice with
PBS, cells were examined by fluorescence microscopy (original magnification x40).

level after 18 h. The band of cleaved caspase 9 appeared at
24 h, reached a maximal intensity at 48 h and was still seen at
72 h. Cleaved caspase 3 appeared at 30 h, became intense
at 48 h and did not fade after 72 h (data not shown). Cleaved
caspase 8 was not observed in either cell line after allicin
treatment (data not shown).

3.2.4. Impaired mitochondrial activity

Mitochondrial activity was monitored with the XTT assay
in cells treated with allicin (5 and 20 pM for HL60 and
U937, respectively) for 16 h (Fig. 4). Both cell lines behaved
similarly, showing a residual mitochondrial activity 65+5%
in HL60 and 62+5% in U937 cells. At this stage, the drop in
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Fig. 4. (A) Allicin effect on cell viability in the absence or presence of
N-acetyl cysteine. HL60 and U937 cells (100,000 cells/ml) were treated
with allicin (5 or 20 pM, respectively) for 16 h, in the absence or presence of
N-acetyl cysteine at 0.1, 0.5 and 1.0 mM. Cell viability was measured by the
XTT assay after 3 h of incubation at 37°C with 5% CO,. Means+S.D. of one
experiment (n=6) are shown (total of three independent experiments).
**P<.01 represents a significant difference from nontreated cells, based on
one-way ANOVA followed by Dunnett’s test. (B) Allicin effect on HL60
cell viability following a 1-h CsA (5 uM) pretreatment. HL60 cells (100,000
cells/ml) were treated with or without allicin (5 M) for 16 h. Cell viability
was measured by the XTT assay. Means+S.D. of one experiment (n=6) are
shown (total of three independent experiments). ***P<.001, represents
significant difference compared with nontreated cells by one-way ANOVA
followed by Bonferroni’s multiple comparison test.

mitochondrial activity was not accompanied by a significant
change in cell number. Such a change was observed only
after 24 h. Nontreated HL60 cells proliferated at a higher rate
than nontreated U937 cells. Although after 24 h nontreated
HL60 cells exceeded nontreated U937 cells in number,
mitochondrial activity (measured by XTT assay) in U937
cells (0.869+0.025 optical density [OD] units at 450 nm,
n=6) was significantly higher than that in HL60 cells (0.498+
0.073 OD units, n=6) (P<.001). These results indicate a
higher battery of mitochondrial enzymes in U937 cells and

suggest a higher resistance to allicin. When cells were treated
with allicin in the presence of NAC (0.1-1.0 mM),
mitochondrial metabolic activity was not impaired, and the
antiproliferative effect of allicin was precluded (Fig. 4A).

3.3. Allicin induces changes in mitochondrial
membrane potential

Nontreated cells showed strong staining with MitoTracker
Red CMXRos, indicating the negative membrane potential of
the mitochondria and the accumulation of the lipophilic dye. In
HL60 cells treated with allicin (5 pM, 6 h the staining intensity
decreased significantly, indicating changes in the mitochon-
drial membrane potential (Fig. 3C). Reduced mitochondrial
staining in allicin-treated (20 pM) U937 cells occurred much
slower; changes were observed 24 h after treatment, and the
decline continued up to 40 h (data not shown).

A deeper insight into the involvement of mitochondrial
permeability transition pore (mPTP) in the cytotoxicity of
allicin was gained by using cyclosporine A (CsA), an
inhibitor of adeninenucleotide translocator. HL60 cells were
preincubated with 5 pM CsA forl h and then treated with
allicin for 16 or 20 h. CsA inhibited the detrimental effects of
allicin on cell viability as determined by the XTT assay
(~80% residual viability for CsA pretreatment; ~50% for
allicin alone). There was no significant difference between
nontreated and CsA-treated cells (P>.05). No significant
difference was found between CsA alone and CsA followed
by allicin treated cells (P>.05) (Fig. 4B). CsA-pretreated
cells were stained with Hoechst 33342 and MitoTracker Red
CMXRos. CsA pretreatment prevented the nuclear con-
densation induced by treatment with allicin alone (Fig. 5).
Mitochondrial staining also showed the preventive effect of
CsA, whereby allicin-induced mitochondrial membrane
depolarization was inhibited.

Fluorescence-activated cell sorting (FACS) analysis of
HL60 cells treated with allicin (5 uM, 20 h) showed that
35.0% of'the cells were apoptotic, whereas CsA pretreatment
reduced the apoptotic fraction to 17.1% (P<.05). Cell arrest
at G2 was increased in allicin-treated cells with or without
CsA pretreatment 34.9% and 59.0%, respectively (Fig. 6).
The fraction of HL60 cells at the G2 stage was 17.3% for
nontreated cells and 18.9% for cells treated with CsA only
(the difference is not significant).

3.4. Differences in GSH levels between HL60 and U937

GSH concentrations (nmol/total cell volume) in non-
treated HL60 and U937 cells were almost the same: 3.4+0.48
mM and 3.7+0.55 mM, respectively. However, due to the
differences in cell size between the two cell lines, analysis of
GSH concentration expressed as a function of protein levels
or cell numbers was also used. This analysis revealed
significant differences between the GSH concentrations in
the two cell lines. In nontreated HL60 cells, GSH concentra-
tion was 20.94+3.15 nmol/mg protein, and in nontreated
U937 cells, 30.80+6.04 nmol/mg protein (P<.02). The
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Mito-Tracker Red CMXRos

Fig. 5. Morphological effects of allicin on CsA pretreated HL60 cells. Cells
(200,000 cells/ml) with or without CsA pretreatment (5 pM, 1h) were
diluted and incubated in the presence or absence of allicin (5 pM) for 16 h.
Cells were stained with Hoechst 33342 (5 pg/ml) or with Mito-Tracker Red
CMXRos (50 nM) for 30 min. Cells were washed twice with PBS and
examined by fluorescence microscopy. (A) HL60 nontreated. (B) CsA-
treated. (C) Allicin-treated. (D) CsA- and allicin-treated.

difference was found to be even higher when cell numbers
were considered, GSH concentration in HL60 cells was
3.7+0.56 nmol/10° cells whereas, in U937 cells, approxi-
mately twice as much [7.7+1.08 nmol/10° cells (P<.001)].

3.5. Allicin-induced GSH depletion

Allicin treatment of HL60 cells caused a rapid decrease in
GSH concentration, reaching its lowest point at about 30 min.
A spontaneous recovery occurred, reaching the basal level of
GSH (Fig. 7A). The highest GSH levels were observed in
HL60 cells between 2—24 h after adding allicin. In allicin-
treated U937 cells, a decrease in GSH levels to a minimal
value occurred 2—4 h after treatment, and it was followed by a
gradual increase to the basal GSH level (Fig. 7B).

3.6. Allicin-induced GSH depletion in the cells pretreated
with BSO

In HL60 cells treated with BSO, an inhibitor of +y-
glutamyl-cysteine synthetase (GGCS) (0.4 mM, 20 h) GSH
levels decreased to 1.45+0.25 nmol/10° cells. No cell death
was observed, but there was a slight decrease in the
proliferation rate (x1.7 after 20 h as compared to x2.1 in

Non-Treated

Diploid: 100%
Dip G1: 36.34%
Dip G2: 17.31%

Dip S: 46.35%

Apoptosis: 9.01%

CsA treated 20h

Diploid: 100%
Dip G1: 41.51%
Dip G2: 18.87%
Dip S: 39.63%

Apoptosis: 2.99%

Allicin treated 20h

Diploid: 100%
Dip G1: 29.25%
Dip G2: 34.92%

Dip S: 35.83%

Apoptosis: 34.98%

CsA & Allicin treated 20h

Diploid: 100%
Dip G1: 16.90%
Dip G2: 59.00%
Dip S: 24.09%

Apoptosis: 17.13%

0 (k-
Channals (FL2-A)

Fig. 6. Cell cycle analysis of allicin-treated HL60 cells. Cells (200,000 cells/
ml, 1.5%10°% with or without CsA pretreatment (5 pM, 1 h) were diluted and
incubated in absence or presence of allicin (5 uM) for 20 h. The cells were
stained with propidium iodide in the presence of RNase A and Triton X-100,
as described in Materials and methods. The data represent one experiment
(total of three independent experiments).
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Fig. 7. Time-dependent decrease of GSH levels in allicin-treated HL60 and
U937 cells after BSO pretreatment. Cells were pretreated with or without 0.4
mM BSO for 20h. HL60 and U937 cell cultures were diluted to 100,000
cells/ml and were grown in the presence of allicin (5 and 20 pM,
respectively). At each time point, 30-ml samples were harvested and washed
twice with PBS. Cell pellets were extracted with 5% metaphosphoric acid
and analyzed for GSH content and protein concentration. Means+S.D. of
one representative experiment (total of three independent experiments).

nontreated cells). Allicin (5 pM) applied to HL60 cells
pretreated with BSO (0.4 mM, 20 h) caused an additional
GSH decrease to 0.65+0.13 nmol/10° cells after 1 h (Fig. 7A,
black column). There was no recovery of GSH as in the case
of HL60 cells treated with allicin alone. In U937 cells
pretreated with BSO (0.4 mM, 20 h), GSH levels decreased
to 1.06+0.14 nmol/10° cells. Also, in this case, no cell death
was observed and cells were still proliferating. When BSO-
pretreated U937 cells were incubated with allicin (20 pM),
GSH levels further decreased to 0.33+0.08 nmol/10° cells
within 2 h (Fig. 7B, black column). A high rate of cell death
(60—80%) occurred in both cell lines 24 h after allicin was
applied to the culture.

3.7. Reduction potential in allicin-treated cells

Since allicin-treated cells lost their spherical structure and
their volume could not be calculated from diameter
measurement, we had to use another parameter to calculate

changes in the intracellular reducing state resulting from
fluctuations in 2GSH/GSSG ratios. Based on the assumption
that 1-mg cell pellet is equivalent to 1 pl of volume, cell
pellets were weighed, and GSH molar concentration was
calculated accordingly (GSH amount/cell weight). There-
fore, calculated reduction potential represents only approx-
imate values. The intracellular pH of HL60 cells is 7.0 [37],
and the reported E, for this pH is =240 mV [27]. Using the
above E, values, reducing potential (Eggy) calculated for
nontreated HL60 was —207 mV (GSH 3.42+0.18 mM,
GSSG 0.15+0.023 mM) and for allicin-treated (0.5 h) =169
mV (GSH 1.4+0.17 mM, GSSG 0.46+0.082 mM). The
intracellular pH of U937 cells is 7.04 [38] or 7.2 [39], and the

100 Cytosol/HL60

Free SH nmol/mg protein

0 025 05 1 1.5 2 4
Time (h) in the presence of allicin

B Mitochondria/HL60

Free SH nmolmg protein

0 025 05 1 1.5 2 4
Time (h) in the presence of allicin

Fig. 8. Free SH contents in cytosolic and crude mitochondrial fractions from
allicin-treated HL60 cells. Allicin (5 M) was added to cells growing at
density of 100,000 cells/ml. At various intervals, 100-ml samples were
harvested at 4°C, washed twice with PBS and stored at —80°C overnight.
Cell fractionation was done as described in Materials and methods. Total free
SH and protein concentrations were determined as described in Materials
and methods. The SH content at various time intervals in the cytosol (upper
panel) and in the crude mitochondrial fraction (lower panel) are shown.
Means+S.D. of one representative experiment (total of three independent
experiments) [40].
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reported Ej values are =240 mV or —252 mV, respectively.
The calculated reducing potential values of nontreated U937
cells were =206 mVor =218 mV (GSH 3.7+0.21 mM, GSSG
0.18+0.040 mM), and for allicin-treated cells (2 h), =173 mV
or —185 mV (GSH 1.54+0.042 mM, GSSG 0.41+0.021
mM). The values obtained for nontreated cells are char-
acteristic of cells in proliferation/differentiation state,
whereas those obtained after allicin treatment are typically
obtained in the apoptotic state.

3.8. Free SH in the cytosolic and mitochondrial fractions of
HL60 cells

Total free SH concentrations were determined in the
cytosol and in the crude mitochondrial fractions prepared
from allicin-treated HL60 cells. The decrease in free SH in
the cytosol (Fig. 8, upper panel) was accompanied by a
decrease of free SH in the mitochondria (Fig. 8, lower panel).
Since mitochondrial GSH is supplied from the cytoplasm
and upon allicin treatment it was depleted in both cellular
compartments, it was followed by a substantial decrease in
the cell-reducing potential. Consequently, depolarization of
the mitochondrial membrane occurred and triggered a chain
of apoptotic events leading to cell death.

4. Discussion

GSH, cysteine and accessible free SH groups of various
proteins and peptides are rapidly oxidized by allicin to their
respective allyl-SS derivatives [19,22]. The mixed disulfide
formed is less active than allicin, yet it can easily react with
free SH in thiol-disulfide exchange reactions, and produce, at
the end of a series of reactions, the oxidized form of
glutathione (GSSG), the oxidized form of cysteine (cystine)
and glutathiolated S proteins. The leaving group (allyl-
mercaptan) is volatile and rapidly disappears.

Glutathione is the major regulator of the thiol-disulfide
redox state of living cells (reviewed in Refs. [29,41-43]).
Alterations in cellular free thiols have already been
described as a key event in the generation of apoptosis
(reviewed in [44,45]).

In this study, allicin induced mitochondrial release of
cytochrome ¢, activation of caspase 9 and 3 and DNA
fragmentation in HL60 and U937 cell lines in a concentra-
tion- and time-dependent manner. GSH depletion had been
shown to be associated with cell surface blebbing in
hepatocytes [46]. Here, cell blebbing occurred in both
HL60 and U937 cells treated with allicin. The rate of free SH
depletion from the cytosol and the mitochondria was similar,
indicating that allicin penetrated the mitochondria and the
cell membrane equally well and reacted with free SH in both
compartments. Allicin induced an initial drop in GSH levels
that was followed by a regeneration process, occurring
several hours after treatment. This may be due to decreased
feedback inhibition of GSH biosynthetic enzymes such as
GGCS by GSH [45]. Conversely, in BSO-pretreated cells,

there was no recovery of GSH after its allicin-induced
depletion, as BSO is a direct inhibitor of GGCS. BSO
pretreatment in allicin-treated U937 cells shortened the life
span from 72 to 20 h, indicating that preliminary GSH
depletion renders cells more sensitive to apoptosis. BSO-
depleted GSH levels in U937 cells were, at this stage, similar
to the inherent GSH level in HL60 cells and, hence, a similar
degree of sensitivity to allicin.

Here, we have shown that allicin causes GSH depletion
concomitantly in the cytosol and the mitochondria in HL60
cells. It is known that active GSH uptake by intact
mitochondria occurs even at very low cytosolic GSH levels
and that the rate of mitochondrial GSH depletion is much
slower than that of the cytosol [47]. These are indications
that mitochondria have more than one control mechanism to
maintain GSH levels. Since BSO-induced depletion of GSH
levels caused neither mitochondrial permeability transition
nor apoptosis, it is likely that BSO treatment depletes GSH
mainly from the cytosol, whereas allicin induced depletion
of mitochondrial GSH trigger the apoptotic process. More-
over, CsA (mPTP inhibitor) pretreatment of HL60 cells
inhibits allicin-induced mitochondrial permeability transi-
tion and cell death, corroborating the central role of
mitochondria in the apoptotic process induced by allicin.
Simultaneous addition of NAC and allicin to cells provided
protection against the apoptotic damage. NAC sequestered
the harmful activity by competing with GSH for the reaction
with allicin.

The following allicin-induced apoptotic scenario can be
deduced from this study: Allicin penetrates the cells and
readily reacts with any exposed SH present in its vicinity. As
GSH is the most abundant thiol molecule in the cytosol and
the mitochondria, it is the main target for allicin reaction. The
reaction with glutathione leads to an immediate change in the
ratio GSH/GSSG. The increased concentration of GSSG and
the depletion of GSH brings about a decrease in the cellular
reduction potential state. Concomitantly, mitochondrial
damage occurs, as is evident from changes in membrane
potential, its decreased enzymatic activity and the release of
cytochrome c to the cytosol. Upon its release, cytochrome ¢
participates in the activation of the caspase 9, followed by
activation of caspase 3.

Allicin induced cell cycle arrest at G2/M in HL60 cells
(~35%). Upon CsA pretreatment, the percentage of cells at
G2/M was even higher (~59%). After pretreatment of HL60
cells with CsA and 40-h incubation with allicin, there was no
change in the number of viable cells, neither were there signs
of cell breakage. By using CsA, it could be shown that the
effect of allicin on cell cycle arrest was independent of its
proapoptotic activity. The mechanism by which allicin
induces G2/M cell arrest is not clear, but a clue may reside
in its ability to inhibit microtubule assembly. It had been
shown that microtubule assembly is disrupted by direct
modification of tubulin SH groups [48—50] and that adding
GSH to an in vitro microtubule assembly system disrupted
by SH modification restores tubulin polymerization [51].
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Here we have shown that, in allicin-treated cells, there is an
increase in GSH synthesis. Therefore, cell cycle arrest would
be expected to expire after tubulin recovery. However, the
protracted G2/M phase induced by cyclosporine A and
allicin suggests an additional modification of a critical
pathway that needs an extended period to regenerate.

Allicin disappears from the medium very rapidly due to
its penetration into the cells and its reaction with SH group.
When applied to HL60 cells (5 pM/10° cells/ml) or to U937
cells (20 pM/10° cells/ml), it could not be detected in the
medium after 2 h or 6-8 h in HL60 or U937 cells,
respectively. The consumption of allicin within such a short
time enables full activity of SH-dependent apoptotic
enzymes such as the cysteine proteases and caspases 9
and 3 [52].

Cell sensitivity to allicin was shown to be dependent on
the intracellular content of GSH. Since there is a significant
difference in cell size between the two cell lines examined,
comparing GSH amount/cell number showed that HL60
cells contained 3.7 nmol GSH/10° cells, whereas U937 cells
contained 7.7 nmol GSH/10° cells. The differences in GSH
intracellular content reflect differences in sensitivity to
allicin. The higher the GSH, the less sensitive to allicin
cells are, and the slower the apoptotic signs appear.

The allicin-induced decrease in GSH levels modulates the
redox state of cells. In allicin-treated HL60 cells, the ratio of
[GSH]/[GSSG or GSSA] changed within the first 30 min and
the reducing potential reached —170 mV, whereas in U937
cells, it took 2 h to reach the same level. Such a high value is
typical of the apoptotic state [27].

Since GSSA (the first main product of allicin reaction
with GSH) is able to prevent the formation of free radicals
[19], it is likely that the initial event inducing apoptosis does
not occur via the generation of reactive oxygen species but
rather through mitochondrial membrane depolarization or
through a more finely tuned event mediated by protein
modification upon creating a mixed disulfide [19,53].
Oxidative stress incurred by the accumulation of peroxides
is a secondary event probably happening after the short-lived
GSSA is eliminated from the cells.

It was reported that, in BSO-treated U937 cells, the
depletion of GSH and the release of cytochrome ¢ into the
cytosol were counteracted by cell-repair systems involving
nuclear factor kKB and heat shock proteins [54]. Our results
show that CsA and NAC prevented apoptosis induced by
allicin. Taken together, the role allicin plays may be through
direct modification of specific free SH in proteins, such
as reside in apoptotic repair system, in the mPTP [55]
or others.
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