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The growth-inhibitory activity of two imidazole antimycotics, clotrimazole
and miconazole, against Candida albicans was significantly reversed when lipid
extracts from protoplast membranes of the same organism were added to the
assay medium together with the drugs. Of four major classes of lipids further
separated from them, viz., phospholipids, triglycerides, sterol esters, and free
sterols, the former two were capable of counteracting both drugs, whereas the
latter two were not. However, even with phospholipids or triglycerides, no
antagonism was noted when they were saturated by catalytic hydrogenation
before use. The antagonistic effect of varying classes of commercial lipids,
including phospholipids, acylglycerides, sterols, and fatty acids, was also stud-
ied by means of the agar diffusion technique. Significant antagonism to both
drugs was observed with: (i) phospholipids with an unsaturated acyl group; (ii)
acylglycerides, the ester portion ofwhich consists of unsaturated fatty acid; (iii)
ultraviolet-activated sterols; and (iv) unsaturated fatty acids of cis-configura-
tion. By contrast, none of the saturated phospholipids and acylglycerides nor
sterols was effective as an antagonist. With the exception only of lauric acid, all
of a series of saturated fatty acids and unsaturated trans-fatty acids ranging
from C8 to C18 in chain length were either minimally effective or completely
ineffective. Essentially, there was no qualitative difference between clotrima-
zole and miconazole in the response to these various lipids.

Both clotrimazole (Bay b 5097; bis-phenyl-[2-
chloro-phenyl]-1-imidazolyl methane) and mi-
conazole (R14889; 1-[2,4-dichloro-(t-[(2,4-dichlo-
robenzyl)oxylphenethyllimidazole nitrate) are
promising imidazole antimycotics active
against a''wide range of pathogenic fungi. Our
previous studies showed that when Candida
albicans cells were exposed to relatively high
concentrations of clotrimazole, leakage of var-
ious types of small molecules was induced, such
as K+, amino acids, inorganic phosphate, and
nucleotides (19, 20, 21, 34). As with clotrima-
zole, miconazole also has proved to cause loss of
those cellular components from susceptible fun-
gal cells (31). Our current interest is directed to
understanding the details of the mechanism of
action on membranes ofthese imidazole deriva-
tives. There is a large number of antimicrobial
agents which have been demonstrated to have a
membrane-active property. However, in no
case has the specific site or component in the
susceptible membrane that can be involved in
the binding and/or the action of a drug been
clarified. The only exception is the case of poly-

ene antibiotics which appear to interact prefer-
entially with sterols existing in the membrane
of susceptible organisms (24).
Early evidence for the interaction between

polyenes and sterols was provided by Gottlieb
et al. (13-15) and Lampen et al. (25), who
showed that growth-inhibitory and other ac-
tions of polyene antibiotics could be offset by
sterols in the medium. Results have also been
published which showed that certain types of
phospholipids are preferentially effective in an-
tagonism to the antibiotic action of several
other membrane-active agents such as tyrothri-
cin (1), polymyxins (11), pyrrolnitrin (30), and
mycobacillin (16, 17). These studies encouraged
us to test some membrane fractions, especially
those of lipid nature. These were prepared from
C. albicans for their ability to .counteract the
antifungal activity of imidazole drugs, with the
hope that information about the actual site of
drug action on the fungal cell membrane would
be obtained. To extend this study and to learn
the lipid specificity of these drugs, further in-
vestigations were carried out with various
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classes of synthetic and naturally occurring
lipid compounds.

MATERIALS AND METHODS
Organisms. C. albicans, strain MTU 12021, suffi-

ciently susceptible to both clotrimazole and micona-
zole, was used as the test organism for antifungal
activity of the imidazole drugs in the presence or
absence of various samples and also as the source of
membrane preparations.

Chemicals. Clotrimazole was furnished by Bayer
Yakuhin Co., Ltd. (Osaka) and miconazole was ob-
tained from Mochida Pharmaceutical Co. (Tokyo).
Stock solutions of each drug (20 mg/ml) were made
with dimethyl sulfoxide and stored at -200C. The
lytic enzyme "Zymolyase" (23) was a generous gift
from Y. Yamamoto, Research Institute, Kirin Brew-
ing Co. (Takasaki). All ofthe acylglycerides, includ-
ing mono-, di-, and triglycerides, and all of the
phospholipids were purchased from P-L Biochemi-
cals Inc. Sterols and their related compounds, and
fatty acids, including their sodium salts, methyl
esters, and cholesterol esters, were all obtained from
Tokyo Kasei Kogyo Co., Ltd. (Tokyo), except for
cholesterol and ergosterol which were the products
ofApplied'Science Laboratories, Inc. (State College,
Pa.).

Preparation of protoplast membranes. One loop-
ful of C. albicans cells from a freshly grown slope
culture was inoculated into a 500-ml flask contain-
ing 200 ml of GPY broth (2% glucose, 1% peptone
[Difco], and 0.5% yeast extract [Difco], wtlvol), and
the culture was incubated at 37°C for 24 h with
vigorous shaking. The culture then contained 8 to 10
mg (dry weight equivalent) of cells per ml. The cells
were harvested by centrifugation and washed three
times with saline and once with 0.05 M potassium
phosphate buffer, pH 7.2. The final pellet was sus-
pended in the same buffer containing mannitol (1 M)
and ,B-mercaptoethanol (1 mM) to a concentration of
about 7.5 mg (dry weight) of cells/ml. To a 100-ml
portion of this cell suspension 100 U of Zymolyase
was added, and the mixture was shaken at 37°C for 2
h, when almost all cells had been converted into
protoplasts, as determined by examination under a
phase-contrast microscope. The protoplasts were
separated by centrifugation of0°C for 5 min at 800 x
g in a refrigerated centrifuge, washed twice at 0°C
with 100 ml ofphosphate buffer containing mannitol
(0.8 M), and finally suspended in 100 ml of buffered
mannitol (0.8 M) containing MgC12 (10 mM). Proto-
plast membranes were prepared from this suspen-
sion essentially according to the method of Longley
et al. (26). Finally, the protoplast membranes were
lyophilized and stored in a vacuum desiccator over
silica gel at -20°C.

Trypsin digestion of membranes. Procedures
were essentially the same as those reported by Tsu-
kagoshi et al. (33). A 24-h digest oflyophilized mem-
branes in phosphate buffer was subjected to centrif-
ugation at 20,000 x g for 60 min. After separating
the supernatant fluid, the sediment was washed
once with phosphate buffer, solubilized in hot KOH
(0.3 N), and then dialyzed against 1,000 volumes of
the same buffer at 4°C for 24 h. The dialyzed prepa-

ration was stored at 4°C (trypsin-digested mem-
branes).

Extraction of lipids from membranes. Lipids
were extracted from lyophilized membranes succes-
sively with ethanol (90%, vol/vol) and with chloro-
form-methanol (2:1, vol/vol) by the method of
Hunter and Rose (18). All extracts were combined,
filtered through a sintered glass filter (no. 4),
washed as outlined by Folch et al. (12), and then
evaporated to constant dry weight under nitrogen.
They were dissolved in an appropriate amount of
chloroform and stored in a sealed ampoule (lipid
extract).
The membrane residue was further treated with

hot HCl (0.7 N) in methanol and subsequently with
light petroleum according to the procedures ofKates
(22) for extraction of bound lipids to minimize the
lipid content therein (defatted membranes).

Solubilization of membranes. Before assaying for
antagonizing effect, lyophilized membrane prepara-
tions for testing were solubilized with hot KOH (0.3
N) and then dialyzed against 0.05 M phosphate
buffer at 4°C for 24 h.

Fractionation of lipids. Phospholipids and neu-
tral lipids in lipid extracts from protoplast mem-
branes were separated by column chromatography.
A solution of lipid extract in chloroform was passed
through silicic acid as described by Borgestrom (4,
5), with only phospholipids retained by the absorb-
ent, and subsequently recovered by desorption with
chloroform-methanol (2:1, vol/vol). Neutral lipids
were further fractionated by the column chromato-
grapOtic method of Carrol (8), using activated mag-
nes,*m silicate (Florisil) as stationary-phase and
hexane-ether mixtures, with stepwise increase in
polarity, for elution. Sterol esters, triglycerides, and
free sterols were separated as the major fractions in
this order. Each lipid fraction was evaporated to
dryness under a stream of nitrogen and weighed. A
solution of the phospholipid fraction was made with
chloroform-methanol (2:1) and for the other lipid
fractions in ethanol.

Hydrogenation of lipids. To obtain hydrogenated
phospholipids containing sufficiently low amounts
of partial hydrogenolysis products, hydrogenation
was done by shaking under hydrogen of about 10 mg
of the phospholipid fraction separated as described
above and 1 mg of palladium-on-carbon (10%) cata-
lyst in 4 ml of ethanol. The reaction was practi-
cally complete in 15 to 20 min at room temperature
and atmospheric pressure. Hydrogenated triglycer-
ides were also prepared by the same procedure. To
determine the extent ofunsaturation, the hydrogen-
ated samples of phospholipids in 4 ml of chloroform
or those of triglycerides in 5 ml of ethanol, in an ice
bath, were treated with 1 ml of a 0.1 N solution of
dibromopyridine sulfate. Blanks were run concur-
rently. The resulting solution was stirred at 4°C for
10 min after which time 4 ml of 10% KI was added.
After the addition of 20 ml of water, remaining
bromide (as I2) was determined by titration with 0.1
N sodium thiosulfate and starch. The absence of I2
uptake indicated completion of the hydrogenation of
both lipid samples.

Test for antagonism in liquid medium. Cultures
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were grown on yeast nitrogen base (Difco) supple-
mented with 0.15% L-asparagine and 1% glucose
(YNB-AG medium) at 37°C for 24 h on a shaker, and
then diluted with the same fresh medium so as to
give a cell suspension containing about 2 x 105
viable cells per ml. Twofold dilutions of clotrimazole
and miconazole, extending from 0.18 x 106 to 22.4 x
10- M and from 0.53 x 10- to 134 x 106 M, respec-
tively, were prepared in a 1-ml volume of sterile
YNB-AG medium (final concentration of dimethyl
sulfoxide, 1%) in 10- by 100-mm tubes. When mem-
brane materials dissolved in phosphate buffer were
tested, a 0.5-ml volume was added to each series of
tubes containing graded concentrations of drug and
then mixed together. Solutions of lipid extracts and
fractions were all made in ethanol, except for phos-
pholipids, which were dissolved in chloroform-
methanol (2:1). Upon testing, each drug-containing
tube successively received 0.45 ml of phosphate buf-
fer and 0.05 ml of a suspension of C. albicans cells.
After 48 h of incubation at 370C, samples were taken
from each tube for the determination of the number
of viable cells. The assay was made on GPY agar
plates by a conventional plating technique (20). The
minimum inhibitory concentration (MIC) was de-
fined as the lowest concentration of drug at which
the viable number did not exceed 10 times the initial
number of cells in the inoculum.

Test of antagonism on agar plates. The antago-
nizing ability of various classes of authentic lipid
compounds against anti-Candida activity of clotri-
mazole and miconazole was tested by applying the
procedures for the conventional agar diffusion
method as described by Bennett et al. (3) because of
simplicity and higher susceptibility. Yeast morphol-
ogy agar (Difco) was used as the assay agar, into
which an appropriate amount of a 24-h culture of C.
albicans was seeded so that the agar contained
about 104 viable cells per ml. Solutions ofthe drug in
dimethylsulfoxide, in a volume of 0.1 ml, were di-
luted with 1.9 ml of sterile water and then mixed
together with 0.1 ml of the lipid solution to be tested
to give the indicated concentrations of drug and
lipid. Solutions of all classes of lipids were made in
ethanol, except phospholipids and fatty acid sodium
salts, which were dissolved in chloroform-methanol
(2:1) and water, respectively. The mixture of drug
and lipid was left standing at room temperature for
1 h and then applied to the agar plates to fill the
punched wells. The diameter of the well was 8 mm.
After 24 h of incubation at 370C, the plates were
inverted and the clear zones were read with a cali-
per. The potency of the antagonistic effect of the
lipid tested on each antimycotic was expressed as a
decrease in the diameter (in milliliters) of the inhib-
itory zone for a definite concentration ofthe drug.

RESULTS
Effect of different membrane preparations

from C. albicans. Experiments were conducted
to learn whether each of the two imidazole
antimycotics, clotrimazole and miconazole,
would more preferentially interact with either
proteins or lipids of the membrane of suscepti-

ble organisms. For this purpose, Candida pro-
toplast membranes and three fractions of pro-
teinous or lipid nature derived from them were
examined for their effect on the anti-Candida
activity of the two drugs.
As shown in Table 1, with the addition of

solubilized protoplast membranes to a final con-
centration of 2 mg (dry weight) per ml, the MIC
of both clotrimazole and miconazole was in-
creased fourfold as compared with the value for
each drug alone. Almost the same extent of the
reversal of the anti-Candida action of the two
drugs was attained when they were combined
with 2 mg (dry weight) of trypsin-digested
membranes per ml or 0.2 mg (dry weight) of
lipid extracts per ml. In all cases, antagonistic
effect increased in relation to the increasing
amounts of these membrane materials present
in the medium. By contrast, defatted mem-
branes, which were practically free of lipids, at
concentrations up to 2 mg (dry weight)/ml, had
no effect on the MIC value of the two drugs
against C. albicans.

Effect of several major lipid fractions from
C. albicans protoplast membranes. Further
experiments were attempted to examine what
class(es) of membrane lipids is(are) principally
responsible for the antagonism. By means of
column chromatography, the following four
major lipid fractions were separated from lipid
extracts of protoplast membranes: phospholip-
ids, sterol esters, triglycerides, and free sterols.
Judged from the recovery expressed on a
weight basis, the former two were present in
greater amounts than the latter two.
Table 2 shows that among these four classes

of lipids, only phospholipids and triglycerides
were capable of counteracting the two drugs:
the MIC of clotrimazole and miconazole was

TABLE 1. Effect ofprotoplast membranes and
several fractions prepared therefrom on anti-
Candida activity of imidazole rntimycotics

Concn MIC (x 10^ M)
Membrane fraction (mg

added [dry Clotri- Micona-
wt]/ml) mazole zole

None 1.4 4.2

Whole membranes 1 1.4 8.4
2 5.6 16.8

Trypsin-digested 1 2.8 16.8
membranes 2 5.6 33.6

Defatted membranes 1 1.4 4.2
2 1.4 4.2

Lipidic extracts 0.1 2.8 16.8
0.2 5.6 33.6
0.4 11.2 134.0
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TABLz 2. Effect of several major lipid fractions firom protoplast membranes on anti-Candida activity of
imidazole antimycotics

Concn MIC (x 10-6 M)
Expt Lipid fraction added (mg [dry wt]/

ml) Clotrimazole Miconazole
1 None 1.4 4.2

Phospholipids 0.2 5.6 67.2
0.4 11.2 134.0

Triglycerides 0.2 1.4 8.4
0.4 5.6 33.6

Sterol esters 0.2 1.4 4.2
0.4 1.4 4.2

Free sterols 0.2 1.4 4.2
0.4 1.4 4.2

2 None 1.4 4.2
Phospholipids 0.4 22.4 134.0
Phospholipids, hydrogenated 0.4 0.7 2.1
Triglycerides 0.4 5.6 33.6
Triglycerides, hydrogenated 0.4 1.4 4.2

increased 8- to 32-fold in the presence of 0.4 mg
(dry weight) ofphospholipids per ml and 4- to 8-
fold in the presence of the comparable concen-
tration (on a dry weight basis) of triglycerides,
as compared with the value for lipid-free con-
trols. However, after being almost fully satu-
rated by catalytic hydrogenation as confirmed
by the absence of I2 uptake, both of the result-
ing fractions of phospholipids and triglycerides
completely lost their antagonizing ability to-
ward the two drugs.

Relationship between zone size and drug
concentration as the basis for estimating the
antagonistic ability of various lipids. As illus-
trated in Fig. 1, the dose response curve ob-
tained for clotrimazole by the conventional
agar diffusion method was linear and free from
curvilinear deviation throughout its entire
range. A similar curve was also obtained for
miconazole, although it leveled off at concen-
trations greater than 2 mM. Based on these,
dose response curves, 0.75 mM for both clo-
trimazole and miconazole was chosen as the
drug concentration suitable for testing the an-
tagonistic effect of various lipids; this concen-
tration for each drug, used alone, coinciden-
tally showed a diameter of about 25 mm for the
inhibitory zone.

Effect of phospholipids. Of five lecithins
tested, only egg lecithin and L-a-dioleoyl-leci-
thin showed the antagonistic effect on the anti-
Candida action of the two imidazole drugs;
either one of these lecithins at concentrations
as high as 0.13 mM and 0.06 mM caused an
appreciable decrease in zone diameter for 0.75
mM clotrimazole and miconazole, respectively
(Table 3). By contrast, none of the other three
lecithins with saturated acyl groups, namely, L-
a-dipalmitoyl-lecithin, L-a-distearoyl-lecithin
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FIG. 1. Assay for the anti-Candida activity of clo-
trimazole and miconazole.

and reduced-egg lecithin, was shown to have
antagonistic effect. Not only egg lecithin but
two other naturally occurring phospholipids,
i.e., egg phosphatidyl ethanolamine and bovine
phosphatidyl serine, were capable ofantagoniz-
ing the two drugs.

Effect of acylglycerides. Several mono-, di-,
and triacylglycerides that possess acyl groups
consisting of a single species of fatty acid
(either palmitic acid, stearic acid, or oleic acid)
were tested for their antagonistic effect. Sub-
stantial antagonism was produced by those
acylglycerides that possessed one or more oleic
acid residues as their ester moiety (Table 4),
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TABLz 3. Reversal ofanti-Candida activity of imidazole antimycotics by naturally occurring and synthetic
phospholipidsa

Decrease in diameter of inhibitory zone

Phospholipid tested (mm)_
Expt(nilMi) Clotrimazole Miconazole

(0.75 mM) (0.75 mM)
Lecithin (egg)

0.5
0.25
0.13

Lecithin (reduced egg)
0.5
0.25
0.13

Phosphatidyl ethanolamine (egg)
0.5
0.25
0.13

Phosphatidyl serine (bovine)
0.5
0.25
0.13

Dipalmitoyl-L-a-lecithin
0.5
0.25
0.13

Distearoyl-L-a-lecithin
0.5
0.25
0.13

Dioleoyl-L-a-lecithin
0.5
0.25
0.13

Lecithin (egg)
0.13
0.06
0.03

Dioleoyl-L-a-lecithin
0.13
0.06
0.03

4.0
3.0
1.5

ob
Ob

O0

3.5
1.0
O0

5.5
4.5
3.0

o0
0
0

5.5
2.0
2.0

5.0
3.0
0.5

0
O0
o0

0b
0
0

5.0
3.5
2.0

5.0
2.5
o0

0
0ol

ol0"

5.0
4.0
2.5

1.5
o0
0

2.0
1.5
O0

3.6
2.0
0

3.5
2.5
1.0

b The deter of the inhibitory zone for 0.75 mM clotrimazole and miconazole was 25.5 and 24.5 mm in
experiment A, and 26.0 and 25.0 mm in experiment B, respectively.
bThere was an increase in diameter of inhibitory zone.

but not by others. It was also noted from the
results that the extent of drug-inactivating
ability of oleyl glycerides increased with the
number ofoleyl groups present in the molecule;
triolein, diolein, and mono-olein were effective
in this order. The reversing effect of triolein
appears to be comparable in degree with that of
egg lecithin when expressed on a molar basis.

Effect of sterols and related compounds. Of
seven sterols with an intact steroid nucleus
(ergosterol, lanosterol, dehydrocholesterol,
stigmasterol, cholesterol, ,-sitosterol, and 3-

cholestanol), all were practically ineffective as
antagonists to both drugs (Table 5). In con-

trast to the above sterols, ergocalciferol (vi-
tamin D2) and cholecalciferol (vitamin D,), the
activated forms of ergosterol and dehydrocho-
lesterol, respetively, showed a potent ability to
inactivate the two drugs. To a lessr extent, an
antagonistic effect was exerted by squalene, a
polyenoic hydrocarbon known as an essential
intermediate of sterol biosynthesis.
Effect of fatty acids, esters, and alcohols. A

series of saturated and unsaturated fatty acids
were examined for their antagonistic effect.
The results are summarized in Tables 6 and 7.
All ofthe saturated fatty acids ranging in chain
length between Cs and C18 were unable to coun-

A

B
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TABLz 4. Reversal ofanti-Candida activity of imidazole antimycotics by mono-, di-, and triacylglycerides
Decrease in diameter of inhibitory zone

Acylglyceride tested (MM)a
Expt Clotrimazole Miconazole

(0.75 mM) (0.75 mM)
A Monoacylglycerides

a-Monopalmitin (0.5) 0 0
a-Monostearin (0.5) 0 Ol
a-Monoolein (0.5) 2.5 3.5

Diacylglycerides
1,2-Dipalmitin (0.5) Ol Ol
1,2-Distearin (0.5) 0 0
1,2-Diolein (0.5) 4.0 5.0

Triacylglycerides
Tripalmitin (0.5) 0.5 0
Tristearin (0.5) 0.5 0.5
Triolein (0.5) 5.5 5.0

B a-Monoolein
0.25 0.5 2.0
0.13 Ol 0
0.06 0 O0

1,2-Diolein
0.25 2.0 3.5
0.13 0 1.5
0.06 O o0

Triolein
0.25 3.0 4.5
0.13 1.5 3.0
0.06 0 1.0

a The diameter of the inhibitory zone for 0.75 mM clotrimazole and miconazole used alone was 26.5 and
25.5 mm in experiment A, and 26.0 and 25.0 mm in experiment B, respectively.
bThere was an increase in diameter of inhibitory zone.

teract both clotrimazole and miconazole, with
the only exception being lauric acid (C12). On
the other hand, among unsaturated fatty acids,
several long-chain members, i.e., palmitoleic
acid (Cisl:), oleic acid (Cit:l), a-linoleic acid
(C18:2), y-linolenic (C08:3), and arachidonic
acid (C204), were demonstrated to be potently
antagonistic against both drugs. They are all
cis-fatty acids, and among them there was no
significant difference in potency of antagonistic
action. When compared on a molar basis, these
unsaturated fatty acids were more than 10
times as effective as egg lecithin or triolein. In
contrast to oleic acid, its trans-isomer, olaidic
acid, was much less active as an antagonist.
Similarly, trans-2-hexadecenoic acid (C16:1) or
any other trans-monoenoic acid ranging in
chain length between C4 and C8 was scarcely
active.

In comparison with free oleic acid, the so-
dium salt of oleic acid showed almost the same
extent of inactivating ability, whereas that of
the methyl or cholesterol ester of oleic-acid was
far less. Oleyl alcohol was only slightly ef-
fective in antagonism (Table 8).

DISCUSSION

Several investigators working on protoplast
membranes ofSaccharomyces cerevisiae (6, 26)
and Candida utilis (28) coincidentally demon-
strated that, like membranes from many other
organisms, yeast cell membranes usually con-
tain proteins and lipids as the two major compo-
nents which account for 80 to 90% of the dry
weight of the membrane. The results of the
present study using C. albicans protoplast
membranes showed that those membrane com-
ponents which can be involved in the antago-
nistic interaction with the two membrane-ac-
tive imidazole antimycotics, clotrimazole and
miconazole, are lipid in nature and that, of
several different lipid fractions from the fungal
membranes, phospholipids and triglycerides
are preferentially effective in this antagonistic
action, whereas the hydrogenated products
from them are completely ineffective. There are
several reports of lipids in yeasts showing that
phospholipid and neutral lipid fractions derived
from whole cells and/or protoplast membranes
of C. albican? (10, 29) and some other yeasts,

21VOL. 12, 1977



22 YAMAGUCHI

TABLz 5. Reversal ofanti-Cand
imidazole antimycotics by stero

compounds
I

Excpt Compound tested

A Ergosterol
0.5
0.25

Lanosterol
0.5
0.25

Cholesterol
0.5
0.25

Dehydrocholesterol
0.5
0.25

,8-Cholestanol
0.5
0.25

Stigmasterol
0.5
0.25

,t-Sitosterol
0.5
0.25

Ergocalciferol
0.5
0.25

Cholecalciferol
0.5
0.25

Squalene
0.5
0.25

B Ergocalciferol
0.25
0.13
0.06

Cholecalciferol
0.25
0.13
0.06

Squalene
0.25
0.13
0.06

a The diameter of the inhibitory zon
mazole and miconazole, used alone, wa
in experiment A, and 26.0 and 25.0 mi
respectively.

such as C. utilis and S. cerevu

26, 32), are characterized by the
position in which several un
chain members predominate, E
acid, oleic acid, linoleic acid, an
On the basis of these data a]

led to the conclusion that ofvari
of cellular membranes of susce
cells, phospholipids and triglyc

ANTIMICROB. AGENTS CHEMOTHER.

iida activity of saturated acyl groups, are substantially effec-
tls and related tive in antagonism against the anti-Candida

action of imidazole drugs. It, in turn, suggests
Decrease in diame- that such types of membrane lipids have a spe-
ter of inhibitory cial avidity for the drugs and that they may

zone play a role in drug susceptibility of the mem-
(mm)p brane. Consistent results were obtained from

Clotri- Micona- the experiments with a wide range of classes of
mazole zole synthetic and naturally occurring authentic
(0.75 (0.75 lipids. Moreover, they provided more detailed
mM) mM) information on the lipid preference of the imid-

0 1.5
~~azoles.

0 1.0 In this study, a significant antagonistic abil-
ity was demonstrated for naturally occurring

1.0 2.0 phospholipids (e.g., egg lecithin) and synthetic
0 1.0 unsaturated lecithins (e.g., L-ctdioleoyl-leci-
0 0.5 thin) but not for reduced egg lecithin nor any
0 0 synthetic saturated lecithins (e.g., L-a-dipalmi-

toyl-lecithin). Considering this and the fact
0 1.5 that acyl groups of naturally occurring phos-
0 0.5 pholipids generally contain two species of un-
0.5 0.5 saturated fatty acids, palmitoleic acid and oleic
0 0.5 acid, in relative abundance, it is probable that

the unsaturated acyl group in the molecule of
0 1.5 lecithin and other types of phospholipids may

play a critical role in exerting antagonistic in-
0 0.5 teraction with the imidazole drugs. It remains
o 0 to be answered whether or not the antagonizing
6.0 7.5 ability of unsaturated phospholipids is influ-
5.5 6.0 enced by the type of polar group in their mole-

cule. With acylglycerides, such unsaturated
6.0 8.0 acyl group-dependent antagonism was also
4.5 6.0 shown.
1.5 2.5 Of various sterols and related compounds,
1.0 2.0 activated forms of certain sterols such as ergo-

, 6.5 calciferol and cholecalciferol were shown to be
4.0 5.0 effective in antagonism. However, none of
1.5 2.5 those sterols that possess an intact steroid nu-

cleus containing a 3,&OH group and a satu-
4.5 6.5 rated or unsaturated hydrocarbon side chain
1.5 3.0 was effective. Among them were ergosterol and

cholesterol, which are known as the major
1.0 1.5 sterol of fungal cells and animal cells, respec-
0 1.0 tively. It looks likely, therefore, that imidazole
0 0 antimycotics are different from the polyene

e for 0.75 mM clotri- antibiotics, e.g., amphotericin B and nystatin,
a 25.5 and 24.5 mm in their lipid preference. Growth inhibition by
m in experiment B, the latter group of antifungals has been re-

ported to be protected preferentially by several
sterols including ergosterol and cholesterol

siae (2, 7, 9, 18, (13). More recently, Halder and Bose (16, 17)
e fatty acid com- have studied the mechanism of antagonism of
saturated long- the antifimgal action by certain sterols and
e.g., palmitoleic phospholipids of a membrane-active polypep-
id linolenic acid. tide antibiotic, mycobacillin. Working with
nd ours, we are several derivatives of cholesterol and with com-
ious components ponents of lecithin molecules (egg), they
aptible Candida reached the conclusion that the 3/&OH group of
:erides with un- the former compounds and the oleic acid compo-
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TABLE 6. Reversal ofanti-Candida activity ofimidazole antimycotics by various saturated and unsaturated
fatty acids

Decrease in diameter of in-
hibitory zone

Fatty acid tested (mm)
(0.5 mM)

Clotrimazole Miconazole
(0.75 mM) (0.75 mM)

Saturated
Hexanoic acid (caproic acid, C6:0) 0 0
Octanoic acid (caprylic acid, C8:0) 0 0.5
Decanoic acid (capric acid, C10:0) 0.5 1.0
Dodecanoic acid (lauric acid, C02:0) 5.0 6.0
Tetradecanoic acid (myristic acid, Cl4:0) 0.5 1.0
Hexadecanoic acid (palmitic acid, C16s0) 0 0
Octadecanoic acid (stearic acid, Ci8:0) 0.5 0.5

Unsaturated:
trans-2-Butenoic acid (crotonic acid, C4:1) 0 0
3-Hexenoic acid (Co:,) 0 0.5
2-Octenoic acid (Cs:l) 0 0.5
2-Hexadecenoic acid (C16s1) 1.0 2.0
cis-9-Hexadecenoic acid (palmitoleic acid, Ci6:l) 11.5 12.0

cis-9-Octadecenoic acid (oleic acid, Ci8:i) 12.0 12.5
trans-9-Octadecenoic acid (elaidic acid, Clisl) 3.0 4.5
cis-9,cis-12-Octadecadienoic acid (a-linoleic acid, Cjg 2) 120 130
cis-6,cis-9,cis-12-Octadecatrienoic acid (y-linolenic acid, C18:3) 9.5 10.5
cis-5,cis-8,cis-1l,cis-14-Eicosatetraenoic acid (arachidonic acid, C20:4) 12.5 12.0

nent ofthe latter are responsible for the antago-
nistic interaction with the antibiotic (17). Al-
though the imidazole drugs are different from
mycobacillin in their response to sterols, they
appear to share a common property in that
their antifungal action is considerably antago-
nized by unsaturated lecithin but not by satu-
rated lecithin. There are some other mem-
brane-active agents, e.g., tyrothricin (1), poly-
myxins (11), pyrrolnitrin (30), and surfactin
(33), in which growth inhibition has been re-
ported to be reversed by certain phospholipids
including naturally occurring lecithin and
phosphatidyl ethanolamine. In any case, how-
ever, no evidence is available for the involve-
ment of acyl groups of the phospholipid mole-
cule in the antagonistic interaction with an
antimicrobial agent.
Tests with a series of saturated and unsatu-

rated fatty acids revealed that long chain, un-
saturated fatty acids of cis-configuration, e.g.,
palmitoleic acid and oleic acid, were effective in
antagonism against the imidazole drugs to an
extent much greater than that of the phospho-
lipids or acylglycerides containing the corre-
sponding fatty acid residues. It was also demon-
strated that not only saturated fatty acid (with
the only exception oflauric acid) but also unsat-
urated fatty acids of trans-configuration were
all practically ineffective as antagonists. These

results lead us to the possibility that the pres-
ence ofan aliphatic hydrocarbon chain with one
or more double-bond(s) arranged in cis-config-
uration in the fatty acid molecule may enable it
to more potently antagonize the imidazole
drugs. This is in accord with the above-
mentioned result suggesting that, in the case of
the antagonistic effect exerted by phospholipids
and acylglycerides, an unsaturated acyl group
is an essential component.
For the moment no data are available as to

the mechanism of antagonistic action of unsat-
urated cis-fatty acids, free or esterified to glyc-
erol, toward the imidazole drugs. Nevertheless,
besides the strong hydrophobic and lipophilic
nature of both clotrimazole and miconazole, re-
ports from our laboratory and others, indicat-
ing potent membrane activity of the two drugs
against susceptible organisms as well as leci-
thin (egg) liposomes (9, 12, 14), suggest the
possibility that the antagonism may result
from interaction between the antagonist of ipid
nature and the drug to form inactive com-
plexes. However, it cannot be ruled out that the
imidazole drugs may inhibit biosynthesis of
some essential unsaturated fatty acids and/or
unsaturated lipids in fungal cells. As compared
with free oleic acid on a molar basis, the antag-
onistic ability of its sodium salt appeared to be
similar, but its methyl or cholesterol ester or
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TABLz 7. Reversal ofanti-Candida activity of
imidazole antimycotics by graded concentrations of

certain fatty acids

Decrease in diame-
ter of inhibitory

zone

Fatty acid added Concn (mm)
(umMII) Clotri- Micona-

mazole zole
(0.75 (0.75
mM) mM)

Lauric acid (C12:0) 0.25 4.0 4.5
0.13 1.5 2.5
0.06 0 1.0

2-Hexadecenoic acid 0.25 0 2.0
(C16:1) 0.13 0 0

0.06 0 0
Palmitoleic acid 0.25 11.0 10.5

(C16:1) 0.13 8.0 9.0
0.06 6.0 7.5

Oleic acid (Cjs:i) 0.25 10.5 11.0
0.13 8.5 9.5
0.06 6.0 7.5

Elaidic acid (C18il) 0.25 1.0 3.5
0.13 0 2.5
0.06 0 1.5

a-Linoleic acid 0.25 11.0 12.0
(C18:2) 0.13 9.5 9.5

0.06 7.0 7.0
y-Linolenic acid 0.25 7.5 8.0

(C18:3) 0.13 5.5 6.5
0.06 3.0 4.0

Arachidonic acid 0.25 11.5 11.5
(C20:4) 0.13 9.5 9.0

0.06 7.0 8.0

TABLz 8. Reversal ofanti-Candida activity of
imidazole antimycotics by oleic acid and its

derivatives
Decrease in diame-
ter of inhibitory

Concn ~ zone
Compound added Concn (mm)

Clotri- Micona-
mazole" zole"

Oleic acid 0.5 12.0 12.5
0.25 10.0 11.0
0.13 8.0 9.5

Oleic acid, sodium salt 0.5 10.5 12.0
0.25 8.5 10.0
0.13 6.5 8.0

Oleic acid, methyl ester 0.5 2.5 2.5
0.25 1.5 1.5
0.13 0.5 1.0

Oleic acid, cholesterol 0.5 2.0 2.5
ester 0.25 1.5 1.5

0.13 0 1.0
Oleyl alcohol 0.5 2.5 1.5

0.25 1.0 1.5
0.13 0 0.5

a The fmal concentration of clotrimazole or miconazole
applied to the well was 0.75 mM.

ANTIMICROB. AGENTs CHEMOTHER.

oleyl alcohol was much less active; the activity
of L-a-dioleoyl-lecithin and triolein was inter-
mediate. It is possible, therefore, that such a
potent activity of oleic acid and probably of
other unsaturated cis-fatty acids, occurring in a
free form, may be due to their negative charge
which reacts to the positively charged imidaz-
ole ring in the drug molecule.
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