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Abstract

Candida species and Aspergillus species are two major fungi
responsible for the nosocomial fungal infections occurred in many
hospitals. The clinical antifungal agents, amphotericin B and azole
compounds, are seldom effective because of severe adverse reactions
such as renal toxicity. Therefore, our laboratoty are looking for the
edible plant foods with antifungal activity. The dependence, required
dose and side-effect of these drugs can be reduced if patients receive the
antifungal components from foods.
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ABSTRACT

The antifungal activity of curcumin against seven Candida species was studied by investigating the growth of 200 clinical isolates from patients
with fungal infections. The MICs of curcumin against Candida species were in the range of 32 to 128 ug/mL. The interaction of curcumin with ampho-
tericin B or fluconazole against these fungi was determined by FIC index and % reduction in turbidity. Synergistic effect was shown in all combina-
tions of curcumin and amphotericin B; whereas both synergistic and additive effects were observed in the combinations of curcumin and fluconazole.
This evidence suggests that when curcumin is combined with amphotericin B or fluconazole, it could provide greater fungicidal effects for the treat-

ment of systemic fungal infections such as candidiasis and candidemia.
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INTRODUCTION

Candidiasis and candidemia are very common nosoco-
mial fungal infections occurring in many hospitals.
Immunocompromised patients such as those with organ
transplants, cancer, human immunodeficiency virus (HIV)
infection or prolonged antibiotic treatments are susceptible to
fungal infections!'®. These fungal infections might be fatal if
antifungal treatment is not prescribed. The common isolates
of candidiasis or candidemia are Candida albican, C. krusei,
C. glabrata, C. tropicalis, and C. guilliermondii, in which C.
albican is the most common; however, C. krusei and C.
glabrata have become increasingly important for hospital-
ized patients%,

Ampbhotericin B belongs to the class of polyenes and is
a clinically popular antifungal agent. However, the clinical
use of amphotericin B is limited because of severe adverse
reactions such as diarrhea, malnutrition and progressive renal
toxicity®®. Azole compounds such as fluconazole (FCZ),
itraconazole (ICZ) are another class of antifungal agents used
for systemic fungal infections. These azoles are less toxic
than amphotericin B"®; however, some side effects of azoles
have been reported®. In order to cure fungal infections suc-
cessfully and to lower the dose of amphotericin B or azoles,
there is a need for the development of less toxic antifungal
agent, or to find one that is able to work with amphotericin B
or azoles additively or synergistically.

Curcumin, a yellow phenolic compound isolated from
turmeric (Curcuma longa), is responsible for the yellow color
of turmeric and curry. Based on its safe property, it has long
been used as a spice, food preservative and food coloring
agent in India and Southeast Asia'®'", The content of cur-

* Author for correspondence. Tel: 04-4730022 ext. 1753;
Fax: 04-4739030; E-mail: mcyin@mercury.csmc.edu.tw

cumin in turmeric is 1-5% (or 4-8% of dry weight); and 40%
in turmeric oleoresin''", Many studies have proven that cur-
cumin has several important pharmacological properties such
as antioxidant, antimutagenic and antitumor activities!!>'¥.
Therefore, it is being evaluated as a chemopreventive agent
by the National Cancer Institute. Li et al."> indicated that
curcumin could block HIV-1 replication by inhibiting the
activity of its long terminal repeat; moreover, curcumin could
work with a reverse transcriptase inhibitor (e.g. dideoxyino-
sine) on HIV-1 synergistically. Although curcumin is a potent
anti-viral agent>'9, it remains unknown whether curcumin
is an antifungal agent for Candida species.

This study was aimed to assay the in vitro inhibitory
effect of curcumin against seven Candida species. The inter-
actions of curcumin with amphotericin B or fluconazole
against these fungi were also studied.

MATERIALS AND METHODS

I. Fungi Strains and Medium

Seven Candida species (Candida albican, C. krusei, C.
tropicalis, C. kefyr, C. guilliermondii, C. parapsilosis, C.
glabrata) were isolated from patients with fungal infections
such as candidiasis or candidemia in the Chungshan Hospital
(Taichung, Taiwan). A total of 200 isolates were tested in this
study. All isolates were identified by conventional meth-
ods'®. All cultures were routinely maintained on Sabouraud
dextrose agar (Difco, Detroit, MI) at 25°C before use.

IL. Antifungal Agents

Curcumin was purchased from Sigma Chem. Co. (St.
Louis, MO). Amphotericin B (AMB) and fluconazole (FCZ)
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were prepared from pharmaceutical solutions in sterile water.
All solutions were filtered through 0.22 uM filter for steril-
ization.

II1. Antimicrobial Assays

All agents were further diluted with RPMI 1640 medi-
um (1:5, v/v). The broth macrodilution method was per-
formed as described in National Committee for Clinical
Laboratory Standards (NCCLs) document M27-A¢7. The
final inoculum was 2 x 10* CFU/mL and was confirmed by
plating 10 and 100 uL from the agent-free control tube onto
Sabouraud dextrose agar. The final volume was 1 mL. The
agent concentrations ranged from 256 to 0.0625 ug/mL.
Agent-free and fungi-free controls were included. The tur-
bidity was measured at 530 nm by a spectrophotometer after
48 hr incubation at 35°C in RPMI 1640 medium containing
0.165 M morpholinepropanesulfonic acid (MOPS) (pH 7.0).
The MIC was defined as the concentration which produced
an 80% reduction in turbidity, compared with that of controls.
According to the standard of NCCLs, the isolates were clas-
sified as susceptible if the MIC was £ 8 pg/mL; resistant if
the MIC was = 64 ug/mL; susceptible but dose dependent if
the MIC was 8~64 yg/mlL..

1V. Interaction of Curcumin with AMB or FCZ

The effects of combinations of amphotericin B or flu-
conazole with curcumin were evaluated by the checkerboard
method recommended by the NCCLs. One hundred uL
aliquots of each drug at 10X the targeted final concentration
was used. Drug interaction was classified as synergistic,
additive or less-than-additive based on the fractional
inhibitory concentration (FIC) index, which is the sum of
FICs for each drug. The FIC of each drug was calculated as
the MIC of this drug in combined treatment divided by that of
the drug used alone. Drug-drug interactions are considered
synergistic if the FIC index was less than 1.0; additive if the
FIC was equal to 1.0; less-than-additive if the FIC index was
greater than 1.0. The interaction of curcumin with ampho-
tericin B or fluconazole were examined by combining 0.25,
0.5, 0.75 MIC AMB (or FCZ) with curcumin at various MIC
values. The total MIC values in each combination were £ 1.
The final inoculum was 2 X 10° CFU/mL and the final vol-
ume was 1 mL. The turbidity of each combination was then
measured at 530 nm by a spectrophotometer after 48 hr incu-
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bation at 35°C in RPMI 1640 medium containing 0.165 M
(MOPS) (pH 7.0).

RESULTS AND DISCUSSION

The MICs of curcumin, amphotericin B and fluconazole
against Candida species are presented in Table 1. The
inhibitory effect of amphotericin B and fluconazole against
these Candida species has been studied®'®. It was reported
that the MICs of amphotericin B and fluconazole were in the
range of 0.125-2 and 0.25-128 ug/mL, respectively. The
observed MICs (Table 1) of amphotericin B and fluconazole
in our present study were close to those of previous studies. It
was reported that fluconazole is inactive to C. krusei and the
MIC90 was 128 pyg/mL®. In our present study, the MIC80 of
fluconazole against C. krusei was 128 ug/mL. This result
supported that C. krusei was resistant to fluconazole.

The MIC80 of curcumin against the tested Candida
species were in the range of 32-128 ug/mL (Table 1).
Curcumin was found to be weaker when compared with
ampbhotericin B or fluconazole. Although curcumin is a food
component and amounts of up to 100 mg/day have been
taken by certain people for long time'?, it remains unknown
whether curcumin could achieve the blood concentrations of
32-128 ug/mL via oral or i.v. administration. Moreover, fur-
ther in vivo studies are needed to prove the safety of curcum-
in at these concentrations. The interaction of curcumin with
amphotericin B or fluconazole, determined as FIC index, is
presented in Table 2. All interactions of curcumin and
amphotericin B were synergistic because the FIC indexes
were less than 1. Several interactions of curcumin with flu-
conazole were additive because the FIC indexes were equal
to 1. These observed synergistic effects showed that the inter-
action of curcumin with either amphotericin B or fluconazole
exhibited greater effect against Candida species. Both syner-
gistic and additive effects observed in these combinations
also suggest that the dosage of amphotericin B or fluconazole
could be decreased. The interactions of curcumin with
amphotericin B or fluconazole, determined as % reduction in
turbidity, are presented in Tables 3 and 4. Many combinations
of amphotericin B (or fluconazole) plus curcumin demon-
strated 2 80% reduction in turbidity. In this study, the MIC of
each agent against each tested fungi was defined as 80%
reduction in turbidity. Therefore, the greater turbidity reduc-
tion observed in these combinations suggests that these com-
binations exhibited greater anti-Candidal effects than each

Table 1. MIC (ug/mL) of curcumin, amphotericin B (AMB) and fluconazole (FCZ) against Candida species

Fungal species (number of isolates) Curcumin AMB FCZ

C. albican (52) 32+2 0.125 £ 0.06 0505
C. krusei (30) 128 +8 1.0£0.5 128.0+£16.0
C. tropicalis (27) 48+2 0.125 £ 0.06 1.0+0.25
C. kefyr (25) 96 + 4 0.25+0.125 40£0.5
C. guilliermondii (21) 108 £ 8 0.5+0.25 320+£20
C. parapsilosis (20) 64+4 0.25+0.125 20+0.5
C. glabrata (25) 80+ 4 0.5+0.25 16.0+2.0

MIC was determined according to the macrodilution method recommended by NCCLs and was defined as 80% reduction in turbidity. The con-

centration is expressed as mean t standard deviation (n=5).



210

Journal of Food and Drug Analysis, Vol. 8, No. 3, 2000

Table 2. Interaction of curcumin with amphotericin B (AMB) or fluconazole (FCZ), determined as FIC index

FIC FIC
Fungal species AMB Curcumin Index FCZ Curcumin {ndex
(number of isolates)
C. albican (52) 0.5 0.25 0.75 0.25 0.5 0.75
C. krusei (30) 0.75 0.125 0.875 0.5 0.5 1
C. tropicalis (27) 0.5 0.25 0.75 0.25 0.5 0.75
C. kefyr (25) 0.25 0.5 0.75 0.75 0.25 1
C. guilliermondii (21) 0.25 0.5 0.75 0.5 0.5 1
C. parapsilosis (20) 0.5 0.25 0.75 0.25 0.5 0.75
C. glabrata (25) 0.5 0.25 0.75 0.25 0.625 0.875

The interaction of curcumin with AMB or FCZ was evaluated by the checkerboard method recommended by the NCCLs and expressed as the sum
of fractional inhibitory concentration (FIC) index for each agent. The FIC of each agent is calculated as the MIC of this agent in combination divid-

ed by the MIC of this agent alone.

Table 3. Interaction of curcumin with amphotericin B (AMB), determined as % reduction in turbidity.

AMB AMB AMB

0.75 MIC 0.5 MIC 0.25 MIC

Fungal species Curcumin Curcumin Curcumin
(numberof isolates) 0.0625 (MIC)  0.125 0.25 0.125 0.25 0.5 0.25 0.5 0.75
C. albicans (52) 803 90+2 97+3 71+4 80+3 96 +2 6414 85+%2 96+ 2
C. krusei (30) 68+4 793 90+2 62+t5 772 88+2 575 75+3 89+3
C. tropicalis (27) 78+2 87+2 96+2 68t4 793 9412 6713 8412 9512
C. kefyr (25) 75+3 8412 9312 673 76x3 9113 575 813 93+3
C. guilliermondii (21) 703 82+3 92+3 63+2 74+2 93+2 55+4 805 90+1
C. parapsilosis (20) 78 +3 84+2 95+3 69 +4 80+3 9542 62+3 85+3 94 +2
C. glabrata (25) 72+4 8212 94 +2 664 78%3 92+1 59+4 83+2 92+3

AMB at 0.25, 0.5, 0.75 MIC was combined with curcumin at various MIC values. The total MIC values in each combination were £ 1. The tur-
bidity of each combination was measured and expressed as mean * standard deviation (n=5).

Table 4. Interaction of curcumin with fluconazole (FCZ), determined as % reduction in turbidity

FCZ FCZ FCZ

0.75 MIC 0.5 MIC 0.25 MIC
Fungal species Curcumin Curcumin Curcumin
(number of isolates) 0.0625 (MIC) 0.125 0.25 0.125 0.25 0.5 0.25 0.5 0.75
C. albicans (52) 77%3 85+2 903 6814 7613 912 61t4 82+3 91+2
C. krusei (30) 574 732 8212 53+4 68 +2 8012 505 71£2 82+1
C. tropicalis (27) 76+4 843 913 64+3 72%2 87+3 59+3 78+3 90+3
C. kefyr (25) 732 802 88+3 61%3 692 86+3 54+4 75+£3 873
C. guilliermondii (21) 68%3 764 85+2 59+4 88+3 8512 51%2 74+2 86+2
C. parapsilosis (20) 75%3 80%3 873 67%3 78%2 881 582 83+2 883
C. glabrata (25) 703 78+2 86+2 65+4 75%2 86+2 53+3 80%3 8712

FCZ at 0.25, 0.5, 0.75 MIC was combined with curcumin at various MIC values. The total MIC values in each combination were £ 1. The turbid-
ity of each combination was measured and expressed as mean * standard deviation (n=5).

agent at 1 MIC. The various combinations included 0.75
MIC AMB (or FCZ) plus 0.25 MIC curcumin; 0.5 MIC AMB
(or FCZ) plus 0.5 MIC curcumin; 0.25 MIC AMB (or FCZ)
plus 0.75 MIC curucmin. It should be pointed out that the
sum of MICs in the above combinations was £ 1. Since these
combinations offered a similar or greater inhibitory effect
than 1 MIC AMB or 1 MIC FCZ, the use of these combina-
tions not only enhanced the overall fungicidal effect but also
lowered the dosage of AMB or FCZ, which could reduce the
risk of drug-induced cytotoxicity. These advantages should
be beneficial in the treatment of candidiasis or candidemia.
An interesting finding is that 0.75 MIC AMB plus 0.25
MIC curcumin, 0.5 MIC AMB plus 0.5 MIC curcumin, and
0.25 MIC AMB plus 0.75 MIC curcumin resulted in similar
fungicidal effects; indicating these combinations resulted in

2 85% reduction in turbidity for C. krusei and = 90% reduc-
tion in turbidity for other tested Candida species (Table 3).
As shown in Table 4, 0.25 MIC FCZ plus 0.75 MIC curcum-
in also offered similar inhibitory effect as 0.25 MIC AMB
plus 0.75 MIC curcumin. Accordingly, in order to decrease
the side effects of AMB (or FCZ) and to enhance the overall
fungicidal effect against these Candida species, 0.25 MIC
AMB (or FCZ) plus 0.75 MIC curcumin would be the best
choice for clinical use, since the dosage of AMB (or FCZ)
was very low.

The fungal cytotoxicity of amphotericin B is due to the
interaction of this drug with fungal membrane ergosterol
over the mammalian cell counterpart, cholesterol®. Like
other azole compounds, the fungal cytotoxicity of flucona-
zole results from its binding to cytochrome p-450 molecules
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involved in the synthesis of fungal ergosterol®2V, The fail-
ure of ergosterol synthesis then leads to the death of fungi. It
has been reported that the anti-tumor effect of curcumin was
due to the fact that this agent blocked arachidonic acid
metabolism by inhibiting cycloxygenase and/or lipoxygenase
activities??, The action mode of curcumin against fungi
might be also due to its enzyme inhibitory effects, which is
apparently different from that of amphotericin B. This differ-
ent action mode of curcumin from amphotericin B could
account in part for the enhanced inhibitory effect observed in
these combinations. Nevertheless, it is not the only determi-
nant because the effect of combined therapy was not simply
additive. Further study is necessary to elucidate the fungici-
dal mechanism when these two agents cooperate.

Pharmacokinetic studies have indicated that following
oral administration to rats and humans, curcumin was poorly
absorbed and was transformed into metabolites during
absorption through the intestine®®. The major metabolites of
curcumin in mice are curcumin glucuronide, dihydrocurcum-
in glucuronide, tetrahydrocurcumin‘”’. 1t remains unknown
whether these metabolites still possess antifungal activity
like curcumin. However, the work of Shoba et al.®® reported
that piperine (20 mg), a major component of black pepper
(Piper nigrum L.), remarkably enhanced the bioavailability
of curcumin in humans with no adverse effects. Therefore,
when curcumin is orally administrated as an antifungal agent,
the concomitant use of piperine might be considered.
Otherwise, i.v. administration of curcumin should be a better
route for its efficacy because amphotericin B or fluconazole
could be administrated via this method.

In conclusion, the combination of curcumin with
amphotericin B or fluconazole exhibited a stronger fungici-
dal activity than monotherapy with curcumin, amphotericin
B or fluconazole, respectively. The enhanced fungicidal
effect observed in combined therapy suggests that the inter-
actions between curcumin and these two agents were more
than additive. These results suggest that the combined thera-
py of curcumin with one of these two agents may benefit the
treatment of clinical fungal infections.
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Abstract

In vitro antimicrobial activities of garlic oil, Chinese leek oil and four diallyl sulfides naturally
occurring in these oils against methicillin-resistant Staphylococcus aureus (MRSA), three
Candida and three Aspergillus species (total 236 clinical isolates) were studied. Both anti-
MRSA and antifungal activities of four diallyl sulfides followed the order diallyl tetrasulfide >
diallyl trisulfide > diallyl disulfide > diallyl monosulfide (p<0.05). These results suggested
that the involvement of disulfide bond is an important factor in determining the antimicrobial
capabilities of these sulfides. The concentration of four diallyl sulfides in garlic and Chinese
leek oils was in the range of 52.7~41.7% of total sulfides. Garlic oil with higher
concentration of four diallyl sulfides showed greater antimicrobial activity than Chinese leek
oil (p<0.05). These results provided laboratory evidence to support that diallyl disulfide,
diallyl trisulfide, diallyl tetrasulfide and thé oils rich in these sulfides may contribute to the

prevention or treatment for nosocomial MRSA or fungal infections.

Keywords: MRSA, fungal infection, garlic oil, diallyl trisulfide, diallyl tetrasulfide
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Introduction

Methicillin-resistant Staphylococcus aureus (MRSA), Candida and Aspergillus species
were the most commonly identified bacterial and fungal species responsible for the severe
nosocomial infections occurred in Taiwan [1-3]. These infections not only require
expensive antibiotic treatments but also increase the morbidity and mortality in
hospitalized patients. In order to control these infections, there is a need for other agents
with greater antimicrobial activity and less toxicity.

The antimicrobial activity and other medical benefits of garlic oil have been widely
recognized [4-6]. These benefits were attributed to the presence of sulfides in garlic oil [5, 6].
Based on the advantages of easy to obtain or prepare as well as good stability, the medical
properties of diallyl monosulfide and/or diallyl disulfide has been focused in many studies [7-
10]. The chemical analysis of garlic oil showed that 54.5% of total sulfides were the sum of
diallyl monosulfide, diallyl disulfide, diallyl trisulfide and diallyl tetrasulfide [11]. Although
diallyl trisulfide and diallyl tetrasulfide were 26.6% of total sulfides in garlic oil, so far, little
attention was paid to the medical benefits of these two agents.

The inhibitory effect of diallyl disulfide, not diallyl monosulfide, against Candida albican
was observed in an in vitro study [12]. However, the information regarding the anti-
Aspergillus and anti-MRSA activities of these two agents is limited. The inhibitory effect of
garlic extract against wild type Staphylococcus aureus was observed [13]. However, it
remains unknown whether garlic oil can inhibit MRSA and fungal pathogens. If so, which
compounds in garlic oil responsible for this effect.

Like garlic, Chinese leek is a member of A//ium family; and it is a vegetable commonly used

in the oriental society. Besides garlic bulb and onion bulb, little attention was paid to the
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medical contribution of other Allium plants. Recently, the antioxidant and antifungal
activities of water extracts from Chinese leek and other Allium plants have been studied in our
laboratory [14, 15]. Therefore, a continuous work regarding the antimicrobial activities of
essential oils prepared from garlic and Chinese leek was processed.

This study was aimed to examine and compare the anti-MRSA and antifungal activities of
four diallyl sulfides naturally occurring in garlic and Chinese leek oils. The results would be

helpful for the development of new antibiotic agents or new functional foods.

Materials and methods.

Sample preparation

Garlic bulb (Allium sativum L.) and Chinese leek (Allium odorum L.) were directly
purchased from farms. The method of Ravid and Putievsky [16] was used to prepare
essential oil. Fresh plant materials were steam-distilled for 3 h in a 100 L direct steam
pilot plant apparatus. The recovered oil (2.2~4.3 g oil / kg garlic bulb; 1.1~3.5 g oil / kg

Chinese leek) was stored at -80°C until used.

Standard preparation

Diallyl monosulfide (purity 97%) and crude diallyl disulfide (purity 80%) were purchased
from Aldrich Chemical Co. (Milwaukee, WI). Diallyl disulfide was further purified by
fractional distillation and its final purity was > 98%, which was examined by HPLC.
Diallyl trisulfide and diallyl tetrasulfide were obtained by fractional distillation from
crude diallyl disulfide. The identification of diallyl trisulfide and diallyl tetrasulfide was
confirmed by '"H-NMR spectroscopy (CDCl;, 300 MHZ) and it was coincide with the

published data of Sparnins et al [17]. The prepared standards was stored at -80°C until

used.
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Analysis of four diallyl sulfides in garlic and Chinese leek oil

One mg of essential oil prepared from each plant was redissolved in 10 ml of acetonitrile
right before composition analysis. The method of Lawson et al. [11] was used to
analyze the content of four diallyl sulfides in oils. Two pl sample was injected into
C18-HPLC, which was conditioned as follow. Supelco LC-18, 250 mm x 4.6 mm x 5
pm column, acetonitrile/water/tetrahydrofuran (70/27/3), 1 ml/min, 240 nm. Prepared
standards were used to identify and quantify these diallyl sulfides in oils prepared from
garlic and Chinese leek.

Strains and medium

Methicillin-resistant S. aureus, three Candida species (Candida albican, C. Krusei, C.
glabrata) and three Aspergillus species (Aspergillus niger, A. flavus, A. fumigatus) were
isolated from patients with MRSA and/or fungal infections (candidiasis or aspergillosis)
in Chungshan Hospital (Taichung, Taiwan). The total clinical isolates of MRSA and
fungi were 60 and 176, respectively in this study. All isolates were identified by
conventional methods [18]. All cultures were routinely maintained on nutrient agar or

Sabouraud dextrose agar (Difco, Detroit, MI) at 25°C until used.

Anti-MRSA tests

Prepared standards of diallyl monosulfide, diallyl disulfide, diallyl trisulfide, diallyl
tetrasulfide and two essential oils were used for anti-MRSA test. Methicillin, penicillin,
cefotaxime and tetracycline were purchased from Sigma Chem. Co. (St. Louis).
Microdilution MIC was determined with strains grown in cation-adjust Mueller-Hinton
broth according to National Committee for Clinical Laboratory Standards (NCCLs)

guidelines [19]. The agent concentrations ranged from 128 to 0.125 pg/ml. MIC80, at
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which 80% was inhibited, was determined. All incubations were at 35 C. Clavulanic
acid at the concentration of 2 mg/L in the medium was used to verify the involvement of
B-lactamase activity in these clinical isolates.

Antifungal tests

Prepared standards of diallyl monosulfide, diallyl disulfide, diallyl trisulfide, diallyl
tetrasulfide and essential oils were also used for antifungal assay. Four diallyl sulfides
and two essential oils were diluted 10-fold in polyethylene because of the poor solubility
of these agents. All agents were further diluted 1:5 in RPMI 1640 medium. The broth
macrodilution method was performed as described in NCCLs document M27-A [20].
The agent concentrations ranged from 128 to 0.125 pg/ml. Agent-free and fungi-free
controls were included. The turbidity were measured by a spectrophotometer at 530 nm

after 48 h incubation at 35°C in RPMI 1640 medium containing 0.165 M

morpholinepropanesulfonic acid (MOPS) (pH 7.0). The MIC was defined as the
concentration which produced 80% reduction in turbidity, compared with that of agent-
free controls after 48 h incubation in RPMI 1640 medium. Amphotericin B, purchased
from Sigma Chem. Co. (St. Louis), was used for comparison in this antifungal test.

Isolates were classified as susceptible if the MIC was =< 8 pg/ml; resistant, if the MIC

was > 64 pg/ml.

Statistical analysis

MIC was expressed as mean + standard deviation of five experiments (n=5). Data were
treated by analysis of variance (ANOVA) and computed using the SAS General Model
procedure [21]. Difference among means was determined by the Least Significance

Difference Test with significance defined at p < 0.05.
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Results

The content of diallyl monosulfide, diallyl disulfide, diallyl trisulfide, diallyl tetrasulfide in
garlic and Chinese leek oils is present in Table 1. The concentration of the four diallyl
sulfides in garlic oil was higher than that in Chinese leek oil (p<0.05). The MIC values of
four antibiotics, garlic oil, Chinese leek oil and four diallyl sulfides against 40 wild type S.
aureus and 60 MRSA are present in Table 2. All test agents can inhibit the growth of wild
type S. awreus, in which four antibiotics showed greater anti-S. aureus effects than two
essential oils and four diallyl sulfides. However, the MIC values of four antibiotics
(methicillin, penicillin, cefotaxime and tetracyline) against MRSA were > 64 ng/ml; and
diallyl disulfide, diallyl trisulfide and diallyl tetrasulfide showed greater inhibitory effects than
these antibiotics. The MIC values of two essential oils and four diallyl sulfides against six
fungal pathogens are present in Table 3. The MIC values of amphotericin B against the 176
clinical fungal isolates were in the range of 0.25~4 (pug/ml) (data not shown). Therefore, the
176 fungal pathogens were not amphotericin B-resistant. Two essential oils, diallyl
monosulfide and diallyl disulfide showed less antifungal activities than amphotericin B;

however, diallyl trisulfide and diallyl tetrasulfide showed similar inhibitory effects as

amphotericin B.

Discussion
It is reported that garlic possessed anti-S. aureus effect [13]. The results of the present
study extended the antimicrobial activity of garlic oil to MRSA and six medically important

fungi. Furthermore, the essential oil prepared from the other member in Allium family,
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Chinese leek, also possessed similar antimicrobial capabilities. The MIC values of garlic and
Chinese leek oils against MRSA and six fungal pathogens were < 64 pg/ml (Tables 2 and 3);
therefore, these two oils could be considered as potent functional foods for clinical MRSA and
fungal infection’s prevention or therapy. Further study is necessary to examine the recover
rate and concentration in circulation after these two agents are admitted orally.

Lawson et al. [11] reported that the sum of diallyl monosulfide, disulfide, trisulfide and
tetrasulfide in garlic oil was 54.5% of total sulfides. In our present study, similar method was
used to quantify the four diallyl sulfides and found that the sum of these sulfides in garlic oil
was 52.7%, which was close to that of Lawson et al. [11]. Our present study also extended
the four diallyl sulfides analysis to Chinese leek oil and conferred that these two oils contained
high concentrations of these four diallyl sulfides. It should be pointed out that the
concentration of diallyl monosulfide in these oils is very low (2.6~2.0 %) and the antimicrobial
activity of this agent is not marked (Tables 2 and 3). Apparently, the contribution of this
agent to the overall antimicrobial activities of these oils was mild. The concentration of other
three diallyl sulfides (diallyl disulfide + diallyl trisulfide + diallyl tetrasulfide) in garlic oil was
still significantly higher than Chinese leek oil. This may explain why garlic oil showed
greater antimicrobial activities than Chinese leek oil in this study.

It is known that S. aureus can produce a serine protease called B-lactamase, and this enzyme
can inactivate penicillin by hydrolyzing the -lactam ring of this antibiotic [22, 23]. In our

present study, B-lactamase was present in all clinical MRSA isolates. This may explain the

resistance of these isolates to B-lactam agents such as penicillin, cefotaxime and tetracyclines.
On the other hand, it is indicated that the resistance to methicillin confers resistance to all

penicillinase-resistant penicillins and cephalosporins; and this resistance is due to the presence
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of the mec gene that encodes penicillin-binding proteins (PBPs) [24, 25]. So far, altered
forms of PBPs such as PBPs 1a, 2b have been implicated in the development of penicillin and
cephalosporin resistance [24, 26]. In our present study, the six test agents showed weaker
inhibitory effects against 40 wild type S. aureus than four antibiotics; however, showed greater
inhibitory effects against MRSA than these antibiotics. Although it remains uncertain that the
penicillin-binding proteins of these MRSA were denatured or destroyed by these six agents, it
is sure that these six agents are not the substrate of f-lactamase. The MIC values of these
agents against MRSA were significantly higher than against wild type S. aureus. Apparently,
the presence of B-lactamase and/or penicillin-binding proteins in these MRSA also increased
the bactericidal difficulty for these agents.

The inhibitory effect of diallyl monosulfide and diallyl disulfide against Klebsiella
prneumoniae, an opportunist pathogen for nosocomial infection, has been observed [27].
These authors indicated that this inhibitory effect was due to the fact that these agents inhibit
arylamine N-acetyltransferase activity of this organism, in which diallyl disulfide showed
greater inhibitory effect than diallyl monosulfide. In the study of Naganawa et al. [12], the
anti-C. albican activity of diallyl diulfide was significantly greater than diallyl monosulfide,
too. These authors indicated that the disulfide bond of diallyl disulfide was important for its
antifungal activity. In the present study, both diallyl monosulfide and diallyl disulfide showed
anti-MRSA and antifungal effects, in which the antimicrobial activity of diallyl disulfide was
also greater than diallyl monosulfide. Our results agreed those previous studies and supported
that daillyl disulfide possesses stronger antimicrobial activity than diallyl monosulfide. The
antifungal effect of diallyl trisulfide against Crypfococcus neoformans has been observed [28].

Our present study extended the antimicrobial activity of this agent to MRSA, Candida and
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Aspergillus species (Tables 2 and 3) and observed that the antimicrobial activity of diallyl
trisulfide was greater than diallyl disulfide. Furthermore, diallyl tetrasulfide showed the
greatest antimicrobial activity in our present study. The number of disulfide bond in the four
diallyl sulfides is 0, 1, 2 and 3, respectively. It is likely that the anti-MRSA or antifungal
activity is correlated with this disulfide bond; thus, more disulfide bonds, greater antimicrobial
activities. These results supported that the disulfide bond in these sulfides was an important
factor in determining the antimicrobial activities.

The MICs of diallyl disulfide, diallyl trisulfide and diallyl tetrasulfide against MRSA,
Candida and Aspergillus spp. were < 12 ug/ml. Although these concentrations are higher
than 8 pg/ml, a breakpoint for susceptible, these agents are the components naturally occur in
certain foods such as garlic and Chinese leek. Therefore, these agents at these concentrations
may be still in the safe range. Further in vivo study is necessary to evaluate the clinical
application of these three agents for controlling MRSA or fungal infections.

In conclusion, diallyl disulfide, diallyl trisulfide, diallyl tetrasulfide and essential oils rich in
these three sulfides possessed strong antimicrobial activities. These diallyl sulfides or oils

were potent agents to prevent or treat MRSA or fungal infections.
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Table 1. Content” (ug/g) of four diallyl sulfides in garlic oils (GO) and Chinese leek oils

(CLO). Data were expressed as mean + standard deviation (n=5).

GO CLO
DAS’ 112+7 104 £ 11
DADS 1183 £ 42 943 £ 45
DAT | 751 +24 494 + 37
DATS 368 £ 19 341 +£21
Sum* 2414 £ 227 1882 + 187
Total sulfides 4581 + 383 4508 +£432
%" 52.7 41.7

“Limit of detection is 5 pg/g.

’DAS=diallyl monosulfide; DADS=diallyl disulfide; DAT=diallyl trisulfide; DATS=diallyl
tetrasulfide.

‘Sum = DAS + DADS + DAT + DATS.

4o/, = sum of four diallyl sulfides x 100 / total sulfides.

11



Table 2. Minimum inhibitory concentration (pg/ml) of four antibiotics, garlic oil, Chinese leek
oil and four diallyl sulfides against 40 wild type S. aureus and 60 MRSA. Data were

expressed as mean + standard deviation (n=5).

Agents S. aureus MRSA
Methicillin 0.5+0.25 > 64.0
Penicillin 0.5+0.125 > 64.0
Cefotaxime 1.0£0.25 > 64.0
Tetracycline 1.0£0.25 > 64.0
Garlic oil 24.0+4.0 32.0+8.0
Chinese leek oil 36.0+ 6.0 48.0 £ 8.0
Diallyl monosulfide 20.0£4.0 320+ 8.0
Diallyl disulfide 40+1.0 12.0+£2.0
Diallyl trisulfide 20+1.0 8.0+2.0
Diallyl tetrasulfide 0.5+0.125 2.0+£0.5

12
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