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mice. Incubation of mouse plasma with  3 H-labeled allicin 
showed binding of allicin to lipoproteins. By using elec-
tron spin resonance, we demonstrated reduced Cu 2+  
binding to LDL following allicin treatment. LDL treatment 
with allicin signifi cantly inhibited both native LDL and 
oxidized LDL degradation by isolated mouse macro-
phages.  Conclusions:  By using a pure allicin preparation, 
we were able to show that allicin may affect atheroscle-
rosis not only by acting as an antioxidant, but also by 
other mechanisms, such as lipoprotein modifi cation and 
inhibition of LDL uptake and degradation by macro-
phages. 

 Copyright © 2005 S. Karger AG, Basel 

 Introduction 

 Atherosclerosis is the leading cause of morbidity and 
mortality in Western society. 

 Atherosclerosis is characterized by accumulation of 
cholesterol deposits in macrophages in the arteries. This 
deposition leads to a proliferation of certain cell types 
within the arterial wall that gradually impinge on the ves-
sel lumen and impede blood fl ow  [1–3] . A critical event 
in the initiation of atherosclerosis is the accumulation 
and modifi cation of low density lipoprotein (LDL) in the 
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  Abstract 
  Objective:  Garlic  (Allium sativum)  has been suggested 
to affect several cardiovascular risk factors. Its antiath-
erosclerotic properties are mainly attributed to allicin 
that is produced upon crushing of the garlic clove. Most 
previous studies used various garlic preparations in 
which allicin levels were not well defi ned. In the present 
study, we evaluated the effects of pure allicin on athero-
genesis in experimental mouse models.  Methods and 
Results:  Daily dietary supplement of allicin, 9 mg/kg 
body weight, reduced the atherosclerotic plaque area by 
68.9 and 56.8% in apolipoprotein E-defi cient and low-
density lipoprotein (LDL) receptor knockout mice, re-
spectively, as compared with control mice. LDL isolated 
from allicin-treated groups was more resistant to CuSO 4 -
induced oxidation ex vivo than LDL isolated from control 
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subendothelial matrix  [1–6] . An LDL particle is a highly 
compartmentalized particle, consisting of a monolayer of 
phospholipids and free cholesterol, a cholesteryl ester and 
triglyceride core, and lipophilic antioxidants (e.g., vita-
min E,  ! -carotene, and ubiquinol) distributed throughout 
the particle  [1–3, 6] . LDL also contains a single molecule 
of apolipoprotein B-100 (apoB-100). This protein is made 
up of 4,536 amino acids, 25 of which are cysteinyl resi-
dues. Nine of them exist as free thiols, located in the hy-
drophobic regions of LDL, and the remainder form disul-
fi de bonds  [7] . 

 The LDL particles are in a dynamic state, their struc-
ture and physical properties being dependent on their 
lipid composition as well as on the conformation of apoB-
100. It has subsequently been shown that trapped LDLs 
undergo modifi cations, including oxidation, lipolysis, 
proteolysis and aggregation, and that such modifi cations 
contribute to infl ammation as well as to foam cell forma-
tion  [1–3] . 

 The mechanism of in vivo   oxidation of LDL is still 
largely unknown. Both metal-dependent and metal-inde-
pendent mechanisms have been suggested to be involved 
in this process  [3–6, 8–11] . Oxidation of LDL may in-
volve most of its constituent molecules, including choles-
terol, fatty acids, phospholipids, antioxidants and apoB 
 [3, 8–11] . 

 The involvement of garlic  (Allium sativum)  constitu-
ents in atherogenesis has been controversial. Garlic has 
been suggested in numerous studies to have positive ef-
fects on cardiovascular risk factors  [12–25] ; however, 
other studies found no effects  [20–22, 26, 27] . 

 The antiatherogenic potential of garlic has been dem-
onstrated in animal models, in both rabbit and mouse ath-
erosclerosis models, in which garlic preparations reduced 
the manifestation of the disease  [15, 17, 19, 21–23] . 

 The antiatherosclerotic-related properties of garlic are 
attributed mainly to its organosulfur compounds, partic-
ularly allicin  [20–22, 26, 28] . Allicin produced upon 
crushing of the garlic clove by the interaction of alliin, the 
non-protein amino acid, with the pyridoxal phosphate-
containing enzyme alliinase as a result of decompartmen-
talization, brings the enzyme and the substrate into con-
tact in the cytoplasm  [20, 22, 29] . A variety of biological 
effects is attributed to both the sulfhydryl (SH)-modifying 
and the antioxidant activity of allicin  [30, 31] . 

 In a previous study, we showed that diet-induced ath-
erosclerotic lesion, in C57BL/6 mice, was reduced by a 
daily oral intake of pure allicin as compared with a con-
trol group, despite the fact that their plasma lipid profi le 
was not affected at all  [24] . On the other hand, Espirito 

et al.  [26, 27]  found no effect of allicin on lipid or ath-
erogenesis in APOE*3-Leiden mice. 

 In the present study, we evaluated the effects of pure 
allicin on atherogenesis in an experimental model of apo-
lipoprotein E-defi cient (apoE–/–) and LDL receptor 
knockout (LDL-R–/–) mice, and tried to elucidate the 
possible mechanisms of allicin intervention with athero-
genesis. 

 Materials and Methods 

 Preparation of Allicin 
 Allicin (12 mmol/l in 50 mmol/l phosphate buffer, pH 6.5) was 

prepared as previously described  [31] .  3 H-labeled allicin was pre-
pared by fi rst synthesizing  3 H-labeled alliin, followed by enzymat-
ic conversion to allicin and high-performance liquid chromatogra-
phy purifi cation  [32] . 

 In vitro Studies 
  The Effect of Allicin on LDL.  Human LDL (d = 1.019–1.063 g/

ml) was isolated from the blood of healthy volunteers by sequential 
density ultracentrifugation at 4   °   C in potassium bromide solutions 
as previously described  [33] . The protein concentration was mea-
sured by the Lowry assay  [34] . LDL was incubated for 15 min in 
phosphate-buffered saline (PBS), with or without allicin or alliin
(1 mmol/l) or N-ethylmaleimide (12 mmol/l) in the dark at room 
temperature. The excess was washed by dialysis. 

  Lipoprotein Oxidation.  LDL from healthy donors (50  " g/ml) 
was oxidized at 37   °   C in the dark by two radical generators, CuSO 4  
and 2,2 " -azo-bis(2-amidinopropane) dihydrochloride (AAPH). 
LDL oxidation was determined by monitoring the changes in ab-
sorbance (A 234 ) upon conjugated diene formation  [35] . All experi-
ments were repeated at least three times. 

  Electron Spin Resonance Measurements.  LDL was incubated 
for 15 min at room temperature in the dark, with or without
1 mmol/l allicin or 0.1 mmol/l methanethiosulfonate-based spin 
label (MTS-SL) (1-Oxyl-2,2,5,5,-tetramethyl- #  3 -pyrroline-3-
methyl; Toronto Research Chemicals) freshly dissolved in PBS. 
Buffer exchange (for removal of excess allicin and MTS-SL) was 
then carried out by dialyzing at 4   °   C against 0.1  M  Tris-buffer 
without EDTA (pH 7.8). Binding of Cu 2+  to native LDL (nLDL) 
or allicin/MTS-SL-pretreated LDL was performed at 2 mg/ml 
LDL and 0.1 mmol/l Cu 2+  in a total volume of 200  " l. Measure-
ments were done in a fl at spectrometer cell (spectrometer model: 
Bruker ER-200 D-SRC). The experimental setting was the fol-
lowing: central fi eld 3,500 Gs, sweep width 1,000 Gs, receiver 
gain 2  !  10 5 , microwave power 20 mW, modulation amplitude 
4 Gs. 

  Degradation of LDL by Isolated Macrophages.  Degradation of 
 125 I-nLDL and  125 I-oxidized LDL (oxLDL) by macrophages was 
studied in vitro. Human nLDL was radio-iodinated by the method 
of Salacinski et al.  [36] . Oxidation of LDL was performed by incu-
bation of  125 I-nLDL (1 mg of protein/ml in EDTA-free PBS) with 
CuSO 4  (10  " mol/l) for 24 h at 37   °   C. We examined three allicin 
treatments: (1) 50  " mol/l allicin was added to the isolated macro-
phages (cell pretreatment) or (2) to isolated LDL (LDL pretreat-
ment) for 15 min at room temperature in the dark, and the excess 
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was washed off twice by dialysis. (3) Allicin or alliin (50  " mol/l) 
was added during the incubation of LDL with the macrophages (in 
assay). 

 Mouse peritoneal macrophages were isolated as previously de-
scribed  [37] . Degradation was determined by the method of Gold-
stein et al.  [38] . Briefl y, mouse peritoneal macrophages were in-
cubated with indicated concentrations of labeled lipoproteins,
followed by determination of the non-iodide trichloroacetic
acid-soluble radioactivity. Cell and LDL protein concentrations 
were determined according to Lowry et al.  [34] . 

 In vivo Studies 
  Mice, Diet and Supplementation.  LDL-R–/– (Jackson Labora-

tories) and apoE–/– mice (C57BL/6 background; Jackson) were 
bred in the local animal house (Sheba Medical Center, Tel Hasho-
mer, Israel). All procedures using animals were in accordance with 
the Sheba Medical Center guidelines. 

 All mice were administered a daily oral dose of 200  " l PBS, pH 
7.4 (control group), or allicin in PBS (3 or 9 mg allicin/kg body 
weight) (treatment groups). The apoE–/– mice, comprising 8-week-
old female mice, were randomly divided into three groups of 12 
animals each. All mice were fed a regular chow diet containing 4.5% 
fat by weight (0.02% cholesterol) (TD19519; Koffolk). The experi-
ment lasted 8 weeks. The LDL-R–/– mice, comprising 12-week-old 
male or female mice, were used in two sets of experiments. In the 
fi rst set, we studied the effect of allicin on atherogenesis (n = 39, 
divided into three treatment groups). In the second experiment, we 
studied the effect of allicin on the lipoprotein profi le (n = 24, di-
vided into two treatment groups). These experiments involved two 
stages. Stage 1 lasted 1 week, during which the mice were fed a 
regular chow diet. Stage 2 lasted 6 weeks, during which the mice 
were fed an atherogenic, Western-type diet containing 15.75% fat 
(43% saturated fat) and 1.25% cholesterol (TD88137; Harlan). To 
minimize oxidation, the diets were stored in the dark at 4   °   C. The 
mice were fed daily ad libitum. 

  Cholesterol Level Determination.  Blood samples were obtained 
from mice via retroorbital bleeding under anesthesia. Total plasma 
cholesterol and triacylglycerol levels were determined after a 16-
hour fast, using an automated enzymatic technique (Boehringer 
Mannheim), on day 0 and at the end of the study. 

  Fast Protein Liquid Chromatography Analysis of Lipoproteins.  
Mouse serum lipoproteins were separated by size exclusion chro-
matography using a Superose-6 column (1  !  30 cm) on a fast pro-
tein liquid chromatography system (Pharmacia), as described pre-
viously  [39] . Briefl y, a 200- " l aliquot of mouse serum was injected 
onto the column and separated with buffer containing 0.15 mol/l 
NaCl, 0.01 mol/l Na 2 HPO 4 , and 0.1 mmol/l EDTA, pH 7.5, at a 
fl ow rate of 0.5 ml/min. Fifty fractions of 0.5 ml each were col-
lected, with the lipoproteins being contained within tubes 17–40. 
Fractions 17–20 signify very-low-density lipoprotein (VLDL); 
 fractions 21–30 LDL; fractions 31–40 high-density lipoprotein 
(HDL). 

  Assessment of Atherosclerosis in the Aortic Sinus.  Quantifi cation 
of atherosclerotic fatty streak lesions was performed by morpho-
metric calculation of the lesion size in the aortic sinus, as previ-
ously described  [24] . Briefl y, at the end of the study, the mice were 
deprived of food overnight and killed under isofl urane anesthesia. 
The heart and the upper section of the aorta were removed and the 
peripheral fat carefully cleaned. 

 The upper section was embedded in OCT compound (Miles 
Inc.) and frozen. Every other section (10  " m thickness) throughout 
the aortic sinus (400  " m) was taken for analysis. The three valve 
cusps, which are the junctions of the aorta to the heart, identifi ed 
the distal portion of the aortic sinus. Sections were evaluated for 
fatty streak lesions after staining with oil red O. Lesion areas per 
section were counted, using Imagepro software (Media Cybernet-
ics), by an examiner unfamiliar with the tested specimen. 

  Mouse Lipoprotein Oxidation.  Lipoproteins (density (d) =
1.063 g/ml, top fraction) were isolated from the pooled plasma of 
each group.  Lipoproteins were oxidized by 15  " mol/l CuSO 4  as 
described above. 

  Binding of    3  H-Allicin to Lipoproteins.  The plasma of
 LDL-R–/– mice was incubated with  3 H-allicin (12  !  10 6  dpm) for 
15 min at room temperature. Lipoproteins were separated on a Su-
perose-6 column as described above. For each fraction, radioactiv-
ity was determined using a  ! -counter (1600 TR, Packard). 

 Statistical Analysis 
 Data are shown as mean values  8  standard error. Analyses of 

statistically signifi cant differences between the groups were per-
formed by employing Student’s t test, ANOVA, or the Mann-Whit-
ney rank test. p  !  0.05 was considered statistically signifi cant. Sig-
maPlot 2000 software was used for all statistical analyses. 

 Results 

 The effect of daily supplementation of pure allicin on 
atherogenesis was investigated in two atherogenic mouse 
models, apoE–/– and LDL-R–/– mice. 

 Effect of Allicin on the Atherosclerotic Lesion Area 
 The lesion area at the aortic sinus of mice fed daily 

with a pure allicin solution was signifi cantly reduced as 
compared with a control group. Daily supplementation 
of allicin, 9 mg/kg body weight, reduced the atheroscle-
rotic plaque area by 68.9 and 56.8% in apoE–/– and LDL-
R–/– mice, respectively, compared with control mice 
( fi g. 1 ). 

 Body Weight and Plasma Lipid Levels 
 No signifi cant difference in body weight was found 

between the control group and the allicin-fed mice (p = 
0.144). Analysis of total plasma cholesterol and triglycer-
ide levels at time zero (baseline) and at the end of the 
study did not show any signifi cant differences between 
the control group and the allicin-fed mice (data not 
shown). 

 Plasma Lipoprotein Profi le 
 Following 2 weeks on Western diet, the cholesterol 

( fi g. 2 ) and triglyceride (data not shown) content of VLDL 
and LDL in allicin-treated LDL-R–/– mice markedly de-
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  Fig. 1.  Daily treatment with allicin reduced the atherosclerotic le-
sion area in apoE–/– and LDL-R–/– mice.  a  Representative pho-
tographs of oil red O stained sections from apoE–/– (A, B) and 
LDL-R–/– mice (C, D).  ! 40.  b  Quantitative analysis of aortic le-
sions stained with oil red O and assessed by computerized morpho-
metric measurements. Data represent means  8  SEM. 
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  Fig. 2.  Allicin changes the cholesterol con-
tent in lipoproteins. LDL-R–/– mice were 
fed a regular chow diet with or without al-
licin (9 mg/kg body weight) followed by ath-
erogenic diet supplemented with a daily 
dose of allicin or PBS (control). After 2 
weeks, plasma was analyzed by size exclu-
sion chromatography. A 200- " l aliquot of 
mouse plasma was injected into the column 
and separated as described in ‘Materials 
and Methods’. Fractions of 0.5 ml were col-
lected. Data represent mean values of two 
blood pools of each treatment group. 
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creased, while HDL cholesterol increased, as compared 
with the control group. The calculation of the area under 
the curve shows that the HDL cholesterol contribution to 
the total cholesterol is 25.2% in the allicin-treated mice 
compared with 14.6% in the control mice. 

 However, after 6 weeks on atherogenic diet, no differ-
ences were detected (data not shown). 

 Binding of   3 H-Allicin to Lipoproteins 
 Incubation of LDL-R–/– mouse plasma with  3 H-la-

beled allicin showed binding of allicin to VLDL, LDL and 
HDL as demonstrated by size exclusion chromatography 
( fi g. 3 ). 

 Susceptibility of LDL to Oxidation ex vivo 
 LDL isolated from the allicin-treated groups, in both 

apoE–/– and LDL-R–/– mice, was more resistant to 
CuSO 4 -induced oxidation ex vivo than LDL isolated 
from control mice ( fi g. 4 a). 

 The in vitro Effect of Allicin on LDL Oxidation 
 Lipoprotein oxidation was determined by using two 

radical generators, Cu 2+  and AAPH. The results show 
that allicin, at concentrations higher than 30  " mol/l, ef-
fectively inhibits Cu 2+ -induced oxidation of LDL, while 
at the same concentration, alliin only slightly prolongs the 
lag phase of LDL oxidation ( fi g. 4 b). AAPH is a water-
soluble azo compound that undergoes thermal decom-
position and produces peroxyl radicals  [11] . AAPH
(0.5 mmol/l) induced LDL oxidation at the same rate as 
Cu 2+  at 15  " mol/l. In contrast to its strong inhibitory ef-
fect on CuSO 4 -induced LDL oxidation, allicin did not 
affect AAPH-induced oxidation ( fi g. 4 c). Thus, the inhi-
bition of LDL oxidation by allicin is not a general phe-
nomenon; rather, it depends on the target and degree of 
oxidation. N-ethylmaleimide, a well-known high-affi nity 
SH ligand, inhibited copper-induced LDL oxidation sim-
ilarly to allicin (data not shown). 

 In order to determine the mechanism by which allicin 
inhibits Cu 2+ -induced LDL oxidation, we examined 
whether it interferes with the LDL-Cu 2+  complex forma-
tion. Oxidation of LDL by Cu 2+  is dependent on its bind-
ing to LDL  [7] . Application of electron spin resonance 
(ESR) is based on a decreased Cu 2+  ESR signal as a result 
of its binding and immobilization on a polymer surface 
 [40] . (The peak intensity of an ESR signal depends on a 
square of linewidth and is therefore very sensitive to the 
signal broadening.) We found that in the presence of 
LDL, the peak intensity of the ESR signal of Cu 2+  aqua 
ions decreased by approximately 30  8  10% ( fi g. 5 ). This 

can be explained by the interaction between Cu 2+  and 
LDL, resulting in an increase in anisotropy and broaden-
ing of the ESR signal, which is characteristic for paramag-
netic ion-biopolymer interactions  [41] . The observed de-
crease in Cu 2+  ESR signal amplitude in the presence of 
LDL can also be explained by the reduction in Cu 2+  into 
Cu 1+ , which is its diamagnetic form. However, in the case 
of LDL preincubated with allicin, we did not observe a 
pronounced decrease in peak intensity of the ESR Cu 2+  
signal ( fi g. 5 ). In the control experiments, allicin itself did 
not affect the ESR signal of Cu 2+  (data not shown). 

 This result suggests that free SH groups of apoB-100 
can participate in binding/reduction of Cu 2+  ions. The 
capability of allicin to penetrate through biological mem-
branes and effectively modify the deeply buried SH 
groups of proteins was reported earlier  [42, 43] . To check 
this idea, SH-specifi c MTS-SL was incubated with LDL. 
MTS-SL offers superior properties for the modifi cation 
of free protein thiols (including membrane-bound pro-
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 Fig. 4. The effect of allicin on LDL susceptibility to copper and 
AAPH-induced oxidation.  a  Ex vivo kinetics of LDL oxidation in 
apoE–/– and LDL-R–/– mice were examined. LDL (d = 1.063, top 
fraction) from fasting mice was isolated from pooled plasma taken 
from mice fed an atherogenic diet (8 weeks for apoE–/– mice and 
6 weeks for LDL-R–/– mice) and treated with 3 ( y ) and 9 ( f ) mg/
kg body weight allicin or PBS ( U ). LDL (50  " g/ml) was incubated 

with 15  "  M  CuSO 4  and conjugated diene formation was measured 
at 234 nm.  b  In vitro kinetics of LDL oxidation. LDL was isolated 
from the blood of a healthy volunteer as described in ‘Materials and 
Methods’. LDL was incubated in PBS with or without allicin or al-
liin for 15 min.  c  The effect of allicin on copper and AAPH-induced 
LDL oxidation. Human LDL was oxidized with two radical gen-
erators: copper and AAPH. 



 The Antiatherogenic Mechanisms of 
Allicin 

 Pathobiology 2005;72:325–334 331

teins) via a thiol-disulfi de exchange reaction  [44] . Like
for allicin-treated LDL, a negligible decrease in peak in-
tensity of the Cu 2+  ESR signal was observed (data not 
shown). Therefore, we conclude that both treatments re-
duced Cu 2+  binding to LDL in a similar way. 

 Degradation of LDL by Isolated Peritoneal 
Macrophages 
 As cellular oxidative stress infl uences scavenger recep-

tor-mediated uptake of oxLDL, we tested the direct effect 
of allicin and alliin on  125 I-LDL degradation by isolated 
peritoneal macrophages. Incubation of isolated macro-
phages with allicin reduced both nLDL and oxLDL deg-
radation; however, this effect did not reach signifi cance. 

 LDL and oxLDL pretreatment with allicin reduced 
LDL degradation, 56 and 54.5%, respectively (p  !  0.05; 
ANOVA). In-assay addition of allicin (addition of allicin 
to the incubation media of macrophages and LDL) sig-
nifi cantly inhibited both nLDL and oxLDL degradation 
by the isolated macrophages, 67.6 and 62%, respectively 
(p  !  0.05; ANOVA), whereas alliin did not affect the pro-
cess ( fi g. 6 ). 

 Discussion 

 The present study demonstrates that daily administra-
tion of pure allicin to apoE–/– and LDL-R–/– mice sig-
nifi cantly reduces the atherosclerotic lesion area in the 
aortic sinus. These results are consistent with our previ-
ous observation in C57BL/6 mice  [24] , showing a de-
crease in the early atherosclerosis lesion area in allicin-
treated mice as compared with controls. Most studies in-
vestigated the effects of long-term feeding of garlic and 
garlic preparations on experimental atherosclerosis in-
duced by a high-cholesterol diet in rabbits  [21, 22] . Garlic 
preparation reduced the atherosclerotic lesion area of 
New Zealand rabbits following carotid artery deendothe-
lialization  [15, 17, 23] . 

 In contrast to the positive results in rabbits, two garlic 
powder tablets (printanor and kyolic) did not affect the 
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 Fig. 5. The effect of allicin on LDL-copper complex formation. 
ESR spectra of Cu 2+  (0.1 m M ) in the presence of nLDL and LDL 
pretreated with allicin (LDL + allicin) (2 mg/ml). 
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  Fig. 6.  The effect of allicin on LDL degradation in isolated mouse 
macrophages.  125 I-nLDL and  125 I-oxLDL were incubated with iso-
lated mouse peritoneal macrophages. The effects of 50  "  M  allicin 
or alliin on LDL degradation were assayed. Control = Untreated; 
macrophages = allicin added to macrophages and excess allicin 
washed out; LDL = allicin added to LDL and excess allicin dia-
lyzed; in assay = allicin added to LDL and macrophage incubation 
mixture; alliin = alliin added to LDL and macrophage incubation 
mixture. The results represent the average of four experiments.
* p  !  0.05, signifi cantly different from control. 
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atherosclerotic lesion area or its composition in APOE*3-
Leiden transgenic mice  [26] . By using pure allicin, we 
were able to investigate the effect of a well-defi ned com-
ponent of garlic on atherosclerosis in the two well-known 
mouse models  [45]  and to seek for the possible mecha-
nisms of its antiatherogenic activity. 

 Hyperlipidemia constitutes a major etiopathological 
factor for atherosclerosis  [1–4] . 

 In our study, we found that daily administration of 
pure allicin did not affect the total lipid levels; however, 
it altered the cholesterol distribution in lipoprotein par-
ticles from a proatherogenic profi le toward an antiathero-
genic profi le, decreased VLDL and LDL, and increased 
the HDL cholesterol content in LDL-R–/– mice. 

 Several studies have suggested that garlic preparations 
may have benefi cial effects on plasma cholesterol levels 
 [12, 14–17, 20–24, 28] , while other studies found no in-
fl uence  [12, 20–22, 26, 27] . We suggest that the composi-
tion and quantity of the sulfur components of different 
garlic preparations used in various studies could account 
in part for the inconsistent fi ndings. The pharmacological 
activities of garlic are attributed to the thiosulfi nate com-
pounds, of which allicin is about 75%  [26] . Lawson and 
Wang  [46]  determined the allicin-releasing ability of ten 
lots of allicin standardized garlic powder tablets, used in 
positive and negative clinical trails, under standardized 
gastrointestinal conditions. They demonstrated that the 
amount of allicin released correlates well with the success 
or failure of such tablets to lower the serum cholesterol 
value  [46] . Therefore, the use of pure allicin to study the 
atheroprotective effect of garlic is reasonable. 

 Similar to our results, Espirito et al.  [26] , who also used 
well-characterized allicin, did not fi nd any effect on plas-
ma lipids; however, in their study, allicin did not infl u-
ence the cholesterol lipoprotein profi le. This dissimilarity 
may be due to the different mouse models used; in our 
study, the effect was detected in LDL-R–/– mice, while 
Espirito et al.  [26, 27]  used APOE*3-Leiden mice in their 
studies. Another factor that might affect the results is the 
route of allicin administration: daily oral administration 
by gavage in our study compared with supplementation 
in the drinking water. This is a critical concern, since al-
licin is a very reactive molecule which should be kept in 
dark and refrigerated in order to preserve its activity. Al-
though the calculated doses in the studies were similar, 
approximately 3 mg/kg body weight per day, the actual 
dose in the studies by Espirito et al.  [26, 27]  might be af-
fected by the exposure to light, temperature and food rem-
nant in the water. 

 The antiatherogenic change in the lipoprotein profi le 
following daily treatment with allicin seems insuffi cient 
to explain the approximately 60% reduction in the sinus 
lesion area. Therefore, we sought for other protective ef-
fects of allicin. 

 Oxidative modifi cation of LDL is a key step in the 
atherosclerotic process  [5–11] . 

 Allicin administration to apoE–/– and LDL-R–/– mice 
strongly increased the resistance of plasma LDL to ex 
vivo oxidation by Cu 2+ . Moreover, Cu 2+ -induced oxida-
tion of LDL in vitro showed that allicin protected LDL 
from oxidation better than its precursor alliin, even 
though both are antioxidants  [13, 18, 20–22] . It is note-
worthy that the effects of different garlic preparations, in 
which the exact allicin content is unknown, on Cu 2+ -in-
duced LDL oxidation are controversial  [18, 19, 30] . In-
terestingly, we found that the protection of LDL by allicin 
from AAPH-induced oxidation is much less effective 
than its protection from Cu 2+ -induced oxidation. Since 
oxidation of LDL by CuSO 4  is dependent on its binding 
to the lipoprotein and the LDL oxidation by AAPH is 
independent of such binding and acts through free radi-
cals formation  [3, 6, 7, 11] , we assume that allicin may 
affect Cu 2+ -induced oxidation by preventing its binding 
to the LDL particle. 

 According to Roland et al.  [7] , there are 38.6  8  0.7 
Cu 2+ -binding sites per LDL particle, and nine of these 
binding sites are free thiols. Free thiols of cysteine resi-
dues are known to be a target for allicin  [31] . By using 
radioactive-labeled allicin and ESR analysis, we demon-
strated that allicin binds to LDL, VLDL and HDL and 
reduces Cu 2+  binding to LDL, respectively. We suggest 
that allicin may react with thiol groups on apoB in LDL, 
consequently interfering with Cu 2+  binding, and there-
fore inhibiting oxidation. 

 This hypothesis is supported by our results and those 
in previous studies, showing that N-ethylmaleimide and 
N-acetylcysteine, both high-affi nity SH ligands, also in-
hibit Cu 2+  ligation to membrane proteins and LDL oxi-
dation, respectively  [47–49] . Moreover, we demonstrated 
that MTS-SL, known to bind to SH groups, inhibits Cu 2+  
binding to LDL in a similar manner to that of allicin. 
Since apoB thiols reside in the hydrophobic environ-
ment of LDL  [6, 7] , the propensity of allicin to penetrate
through biological membranes  [42]  may contribute to its 
lipoprotein-thiol-modifying potential. 

 Even though allicin inhibits Cu 2+ -induced LDL oxida-
tion in vitro and ex vivo, the relevance of this fi nding to 
LDL oxidation in vivo is not obvious  [6, 10, 11] . How-
ever, the modifi cation of LDL by allicin may affect other 
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processes in LDL metabolism. The oxidative modifi ca-
tion of LDL and the subsequent uptake of oxLDL by mac-
rophages, leading to foam cell formation, is a central step 
in atherogenesis  [1–3, 8–10] . We show that uptake and 
degradation of both nLDL and oxLDL by isolated mouse 
peritoneal macrophages is inhibited by allicin-treated li-
poproteins and/or macrophages. We hypothesize that the 
inhibition of LDL degradation by allicin is due to its bind-
ing to the free thiol groups on apoB or to free thiols on the 
scavenger receptors in macrophages, thus blocking the 
binding of LDL to macrophage receptors  [49] . 

 In this study, we concentrated on the effect of pure al-
licin, garlic-derived constituent, on the atherosclerotic 
process. We are aware that garlic contains a variety of or-
ganosulfur compounds, amino acids, vitamins and miner-
als  [20–23]  as well as allicin metabolites, which may also 
be involved in the antiatherogenic properties of allicin. 

 A critical question concerning the present study is 
whether orally administered allicin can reach the levels 
needed to affect biological processes in the plasma or 
within the arterial wall  [12, 29] . In a previous study, al-
licin (orally administered) was not found in the blood, 

urine or stool  [29, 50] . This issue is currently being tested 
in our laboratory by using the  3 H-allicin. In a preliminary 
experiment, we were able to detect radioactivity in the 
blood and organs following oral administration of radio-
labeled allicin (data not shown). It is noteworthy that al-
licin is very reactive and rapidly converted to its metabo-
lites  [51] . Therefore, we cannot exclude that most of the 
radioactivity detected resides in its metabolites, which 
might also confer atheroprotective effects. 

 In summary, by using a pure allicin preparation, we 
were able to show that allicin may affect atherosclerosis 
through several mechanisms such as LDL protection 
against oxidation, lipoprotein modifi cation, inhibition of 
LDL uptake and degradation by macrophages. 
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