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ABSTRACT
Background: Inflammation is a frequent reaction following therapeutic irradiation. 
Since the upregulation of adhesion molecules on endothelial cell surface is known to 
be associated with inflammation, the expression of adhesion molecules is an important 
therapeutic target. Methods: Treatment of human umbilical endothelial cells (HUVECs) 
with γ-irradiation (γIR) induces the expression of adhesion proteins such as intercel-
lular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and 
E-selectin. Changes in the expression of these proteins on γ-irradiated HUVECs which 
had been treated previously with allicin were measured by ELISA. Results: In the pre-
sent study, we demonstrate that allicin inhibits the γIR induced expression of ICAM-1, 
VCAM-1, and E-selectin on HUVEC in a dose-dependent manner. Allicin was also 
found to inhibit theγIR induced production of nitric oxide (NO). Conclusion: These 
data suggest that allicin has a therapeutic potential for the treatment of various inflam-
matory disorders associated with increase numbers of endothelial leukocyte adhesion 
molecules. (Immune Network 2002;2(1):6-11)
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Introduction
  Garlic has been used as a general food and for 
therapeutic purposes in Oriental for a long time. Pre-
vious investigations have shown that garlic plays an 
important pharmacological role as an anti-microbial 
(1), anti-thrombotic (2), anti-hypertensive (3,4), anti- 
hyperglycemic (5), and anti-hyperlipemic (6,7) agent. 
It has also been suggested that allium derivatives 
from garlic regulate nuclear factors involved in the 
immune and inflammatory functions, as well as proli-
feration (8). In addition, it has been recently demon-
strated that garlic extracts reduce the migration of 
leukocyte through the endothelial cell monolayer (9).
  Ionizing radiation damage is characterized in part 
by the generation and the maintenance of an inflam-
matory reaction (10). An important event in this in-
flammatory response is the localization of leukocytes 
at the sites of inflammatory lesions through some 
multistep process. The endothelial cell adhesion mol-

ecules E-selectin, intercellular adhesion molecule-1 
(ICAM-1) and vascular cell adhesion molecule-1 
(VCAM-1), play an important role in leukocyte adhe-
sion and transendothelial migration at sites of inflam-
mation. The endothelial expression of these molecule 
is known to be elevated in both a temporal and 
spatial association with inflammatory cell infiltrates 
(11). When activated by inflammatory cytokines, en-
dothelial cells exhibit an upregulation of specific 
adhesion molecules on their surfaces, the ligands for 
which are borne on circulating leukocyte (12,13). A 
logical target for new drug development would be the 
design of compounds that interfere with adhesion 
molecule interactions. It has been suggested that vari-
ous small molecules including glucocorticoids, aspirin 
and pentoxifylline inhibit the upregulation of adhe-
sion protein expression and have a protective effect 
on inflammatory diseases (14-16). However, no re-
sults have been reported on the effects of allicin on 
the expression of adhesion molecules in human um-
bilical endothelial cells.
  Nitric oxide (NO) is synthesized by many cell 
types in various tissues and acts as a vascular relaxing 
agent, a neurotransmitter and an inhibitor of platelet 
aggregation (17). In addition, NO is generated during 
immune and inflammatory responses (17). Moreover, 
NO may induce toxic reactions against other tissue 
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of the host and since it is generated at high levels 
in certain types of inflammation, it has been impli-
cated as a pro-inflammatory agent. Equally, NO may 
act as an anti-inflammatory or immunosuppressive 
agent via its inhibitory or apoptotic effects on cells. 
However, little has been reported upon the roles of 
NO in γ-irradiation-induced inflammation.
  Since allicin, an active principles in garlic has vari-
ous related pharmacological effects and the expres-
sion of adhesion molecules and NO play an impor-
tant role in inflammation, we investigated whether 
allicin modulates the expression of adhesion proteins 
and NO release in irradiated-human umbilical vein 
endothelial cells (HUVECs). The results of the pres-
ent study suggest that allicin inhibits the upregulation 
of γIR-induced adhesion protein expression. We also 
observed that allicin blocked the production of NO 
induced by γIR.

Materials and Methods
Reagents. Allicin extract was prepared according to the 
methods of Prasad et al. (18). Briefly, allicin, diallyl 
disulfide-oxide, was extracted from a garlicin tablet 
which contained 2,500μg of allicin per tablet (Madaus 
Murdock, Inc., 10 Mountain Spring Parkway, Spring-
ville, Utah, 84663 USA). The uncoated tablet was 
uncoated, crushed (0.75 g) and homogenized in test 
tube containing 5.0 ml of distilled water. The homo-
genate was then centrifuged for 10min at 13,000 xg, 
and the supernatant recentrifuged for 5 min at 13,000 
xg and the concentration adjusted to 500μg/ml of 
allicin.
  Anti-ICAM-1 (BBA3), anti-VCAM-1 (BBA6) and 
anti-E-selectin (BBA1) antibodies were purchased from 
R&D Systems, USA. Anti-mouse IgG-HRP and p- 
nitrophenyl phosphate were purchased from Sigma 
Chemical Co. Fetal bovine serum was purchased 
from Gibco, USA.
Cells and cell culture. HUVECs were purchased from 
Clonetics (San Diego, CA) and grown in EGM-2 
medium (Clonetics) in gelatin coated tissue culture 
flasks. For subculturing, the cells were detached using 
0.125% of trypsin containing 0.01 M EDTA. Cells 
used in this study were from the first to the third 
passage.
γ-irradiation on cells. Cells were irradiated using meth-
od previously by Gaugler et al. (19). Just before 
irradiation, the confluent cell medium was replaced 
with new medium. Cells were then uniformly irra-
diated at room temperature with various doses of a 
137Cs γ-source (dose rate of 5.94 Gy/min) (IBL 437 
C type H, CIS Biointernational, France). The culture 
medium was renewed after irradiation. For each dose, 
control cells were simultaneously exposed to sham 
irradiation.

Cytotoxicity evaluation. Allicin and γIR at concentra-
tions used in the present study were shown to be 
non-toxic using the following procedure. Viability of 
HUVECs treated with allicin and/or γIR was deter-
mined by using the MTT assay. Irradiated HUVECs 
were cultured in a gelatin coated 96-well microplate 
(Costar Products, Cambridge, MA) until confluent. 
Cells were treated with or without allicin in qua-
druplicate for the indicated time and subsequently 
3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bro-
mide (MTT) was added for 4 h. The cells were also 
inspected visually by trypan blue exclusion staining 
under an inverted microscope.
ELISA for measurement of adhesion molecules. The cell 
surface expression of adhesion molecules on endo-
thelial monolayers was quantified by ELISA using a 
modification of the methods described previously 
(20). After irradiation, HUVECs were seeded at a 
concentration of 2×104 cells/well in 96-well, flat 
bottom, gelatin-coated plates (Costar Products, Cam-
bridge, MA). Cells were incubated with or without 
various doses of allicin for the times indicated in the 
text to measure ICAM-1, VCAM-1 and E-selectin 
expression. Following incubation, the cells were 
washed with phosphate buffer saline pH 7.4 (PBS) 
and fixed with 10% glutaraldehyde for 30 min at 4oC. 
Bovine serum albumin (1.0% in PBS) was added to 
the cells to reduce non-specific binding. Cells were 
incubated with anti-ICAM-1, anti-VCAM-1 and anti- 
E-selectin monoclonal antibody or isotype matched 
control antibody (0.25 g/ml, diluted in blocking buff-
er) overnight at 4oC, washed with PBS, and incubated 
with alkaline phosphatase-conjugated goat anti-mouse 
secondary antibody (1 g/ml, diluted in PBS). The 
cells were then washed with PBS and exposed to the 
peroxidase substrate (p-nitrophenyl phosphate 1 mg/ 
ml in 0.1 M glycin buffer, pH 10.4 containing 1 mM 
MgCl2, and 1 mM ZnCl2). Absorbance was deter-
mined at 405 nm using a Molecular device microplate 
reader (Menlo Park, CA). Absorbance values of iso-
type matched control antibody were taken as blank 
and subtracted from the experimental values.
Nitrite determination. Irradiated HUVEC were treated 
with various doses of allicin for 3days and the accu-
mulation of nitrite in culture supernatant was mea-
sured using the assay system described by Ding et al. 
(21). Briefly, 100μl of supernatant was removed 
from each well into an empty 96-well plate. After 
adding of 100μl of Griess reagent to each well, 
absorbance at 540 nm was measured using a Molecu-
lar device microplate reader. Nitrite concentration 
was calculated from a NaNO2 standard curve. Griess 
reagent was prepared by mixing one part 0.1% na-
phthylethylenediamine dihydrochloride in distilled 
water plus one part 1% sulfanilamide in 5% concen-
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Figure 1. Effect of γ-irradiation on cell viability. Cells were 
irradiated with various doses of γ-ray for various times. Each 
experiment was performed in quadruplicate. Results are presented 
as means±S.E.M of three independent experiments. *p＜0.05, 
**p＜0.01; significantly different from control (sham-irradiated 
cells).
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Figure 2. Dose dependent inhibition of γ-irradiation induced 
ICAM-1 expression by allicin. Three independent experiments 
were performed in which confluent HUVEC were sham- or 8 
Gy-irradiated with or without the indicated concentrations of 
allicin and the expression of ICAM-1 was measured by ELISA. 
Results are presented as means±S.E.M of three independent 
experiments. *p＜0.05, **p＜0.01; significantly different from the 
irradiation-treated control.

trated H3PO4.
Statistical analysis. Results are presented as means±
S.E.M. Statistical difference between groups was de-
termined by one-way analysis of variance (ANOVA) 
and significant values are indicated with an asterisk 
(*p＜0.05, **p＜0.01).

Results
Endothelial cell viability and growth after γIR. Although 
the effect of radiation on endothelial cells has been 
extensively reported (19,22,23), we examined the ra-
diosensitivity of HUVEC under our culture condi-
tions. Viability of the adherent endothelial cells was 
＞95% at the different times tested after exposure. 
However, the number of irradiated cells decreased 
with time after exposure, whereas the number of 
non-irradiated cells remained. Three days after 8-Gy 
of irradiation, the number of irradiated cells was 80% 
of that of the control. This percentage decreased to 
10% 5 days after irradiation (Fig. 1). In addition, 
when the cells were treated with various doses of 
irradiation, the expression of ICAM-1 was maximally 
induced at 8-Gy (data not shown). Therefore, in 
subsequent studies 8-Gy was used.
Allicin inhibits γIR-induced ICAM-1 expression on endo-
thelial cells in a dose dependent manner. To examine the 
effect of allicin, HUVEC were incubated without or 
with various concentrations (0.01, 0.1, 1μg/ml) of 
allicin for 3 days after γIR. The time of incubation 
and concentration of allicin used in these experiments 
had no effect on the viability as determined by trypan 
blue staining and the morphology of the endothelial 
cells (data not shown). These concentrations were 

based on the concentrations of allicin determined in 
previous studies (24). As detected by ELISA, ICAM-1 
was expressed at low levels on unstimulated endo-
thelial cells and was significantly induced by γIR 
(Fig. 2). Allicin did not effect the basal level of 
ICAM-1 expression, whereas it led to reduce γIR- 
induced ICAM-1 expression in a dose dependent 
manner (Fig. 2).
Allicin inhibits γIR-induced VCAM-1 and E-selectin ex-
pression. In addition to ICAM-1, γIR also induced 
VCAM-1 and E-selectin expression in endothelial 
cells. To examine the effect of allicin on the γIR- 
induced expression of E-selectin and VCAM-1, 
HUVECs were incubated with various concentrations 
of allicin for 6h for in the case of E-selectin and for 
3 days for VCAM-1. As measured by ELISA, the 
unstimulated cells expressed detectable amounts of 
E-selectin and VCAM-1 (Fig. 3). Upon induction 
with γIR, a significant increase in the expression of 
E-selectin was observed. Treatment with allicin inhi-
bited slightly, but significantly the expression of 
VCAM-1 induced by γIR in a dose dependent 
manner (Fig. 3A). Similarly, γIR-induced E-selectin 
expression was also inhibited by allicin (Fig. 3B). 
Taken together, these results suggest that allicin is 
effective in blocking the induced levels of expression 
of ICAM-1, VCAM-1 and E-selectin.
Allicin inhibits γIR-induced NO production. Since NO is 
known to be an important modulator of inflam-
matory response to various stimuli, we determined 
the effect of allicin on NO production in endothelial
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Figure 3. Effect of allicin on γ-irradiation induced VCAM-1 (A) and E-selectin (B) expression by HUVECs. Three independent 
experiments were performed in which confluent HUVEC were sham- or 8 Gy-irradiated with or without the indicated concentrations 
of allicin and the expressions of VCAM-1 or E-selectin were measured by ELISA. Results are presented as means±S.E.M of three 
independent experiments. *p＜0.05, **p＜0.01; significantly different from the irradiation-treated control.
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Figure 4. Effect of allicin on γ-irradiation induced NO pro-
duction in HUVEC. Three independent experiments were per-
formed in which confluent HUVEC were sham- or 8 Gy- 
irradiated with or without the indicated concentrations of allicin. 
The conditioned media was collected, and nitrite concentration 
were determined using the Griess reagent. Results are presented 
as means±S.E.M of three independent experiments. *p＜0.05, 
**p＜0.01; significantly different from irradiation-treated control.

cells. As shown in Fig. 4, treatment of HUVECs with 
γIR resulted in increased NO release. Moreover, this 
increased NO production was inhibited by allicin in 
a dose dependent manner.

Discussion
  Garlic extract has been found to promote healing 
of inflammation in the colon (25). However, although 
garlic extract has been found to have such anti- 

inflammatory properties, very little is known with 
regard to the effect of allicin, a major component of 
garlic, on the induction of cell adhesion molecules by 
γIR. In the present study, allicin was found to block 
the γIR-induced expression of the leukocyte adhe-
sion molecules, ICAM-1, VCAM-1 and E-selectin. 
Thus, allicin posseses anti-inflammatory effects on 
the expression of adhesion protein induced by 
radiation. This compound also inhibited NO produc-
tion in γ-irradiated HUVECs.
  Radiation has been shown to induce the expression 
of a number of genes that participate in the inflam-
matory response. These include TNF-α and IL-1 
which are known to induce the expression of adhe-
sion molecules such as E-selection when added to 
endothelial cells in culture (26-28). When the effect 
of γIR was examined on cytokine production in 
HUVECs, it was found not to induce the production 
of TNF-α in irradiated cells (data not shown). Re-
cently, Hallahan et al. (29) demonstrated that E- 
selectin gene induction by ionizing radiation is 
independent of cytokine induction. In accordance 
with their report, our data confirm that adhesion 
protein expression did not require cytokine synthesis.
  NO is a biologically active gas that is synthesized 
by a variety of cells, including those of the vascular 
endothelium, from the guanido group of L-arginine. 
Moreover, NO has been invoked as a mediator of 
vascular phenomena such as arteriolar dilation, plate-
let aggregation, and platelet-leukocyte adhesion (17). 
It has also been suggested that NO is able to inhibit 
LPS-induced ICAM-1 expression (30). In addition, 
Kawachi et al. (31) demonstrated that iNOS-/- 
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mice injected with TNF-α showed enhanced VCAM- 
1 expression in 50% of all tissues compared to the 
wild-type controls. Based on these findings it is be-
lieved that NO inhibits the expressions of adhesion 
molecules. Our data showed that γIR induces the 
production of NO and the allicin inhibits NO release. 
Recently, it has been shown that UVB radiation acts 
as a potent stimulator of NO in human endothelial 
cells and NO is known to be involved in skin ery-
thema and inflammation (32). Thus, a role could be 
proposed for NO either in inhibition or promotion 
of inflammation. At present the mechanism account-
ing for these modulations are unknown. However, it 
may be possible to override inhibition by enhancing 
inflammation. Moreover, the involvement of NO in 
the modulation and regulation of adhesion molecules 
expressed during in inflammation may be dependent 
on the source of NO, the cells involved and type of 
stimulus used to induce the inflammation.
  During severe injury, infection, or ischemia and 
reperfusion damage, spillover of chemoactivators in 
the systemic circulation results in cellular activation, 
leading to the release of injurious agents that damage 
host tissues. These inflammatory mediators can alter 
the functional integrity of the vascular system, which 
may be due to the upregulation of the expression of 
cell adhesion molecules. Thus various strategies, such 
as monoclonal antibodies against adhesion molecules, 
soluble receptors, soluble counter-receptors, peptides 
derived from adhesion molecules to prevent receptor- 
ligand interactions, and antisense oligonucleotides 
have been employed to inhibit cell adhesion molecules 
(33). Flavonoids, glucorticoid, bensothiophene-car-
boxamide and vitamin A have been shown to inhibit 
cytokine-or irradiation-induced cell adhesion molecule 
expression (14,34-36). Here we demonstrated that 
allicin effectively blocks the expression of leukocyte 
adhesion molecules. These studies suggest that allicin 
may serve as a potential therapeutic tool for radiation- 
induced inflammation. Further studies are needed to 
clarify how this modulation occurs and to what 
extent it occurs in vivo.
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