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The primary antifungal action of polygodial comes in part from its ability to function as a nonionic
surfactant, disrupting the lipid-protein interface of integral proteins and denaturing their
conformation. As a result, the antifungal mechanism of this sesquiterpene dialdehyde is associated
with the membrane functions or derangement of the membrane. For example, the glucose-induced
medium acidification process of Saccharomyces cerevisiae was inhibited by polygodial, presumably
caused by inhibition of the plasma membrane H+-ATPase. However, the potent antifungal activity
of polygodial results from its multiple functions.
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INTRODUCTION

A bicyclic sesquiterpene dialdehyde, polygodial (1)
(see Figure 1 for structures), was first isolated as a
pungent principle from the sprout of Polygonum hydro-
piper (Polygonaceae) (1, 2), known as “tade” and used
as a food spice in Japan. Its congener, warburganal (2),
was isolated from two East African Warburgia trees
together with polygodial in minute amounts (3). Their
potent fungicidal activity, especially against yeasts such
as Candida albicans and Saccharomyces cerevisiae, was
subsequently reported, although they possessed little
or no activity against bacteria (4, 5). The R,â-unsatur-
ated aldehyde moiety in these sesquiterpene dialdehyde
molecules was found to be responsible for their fungi-
cidal action (5). In addition, this fungicidal activity
was described to result from the structural disruption
of the cell membrane (6). Similarly, both sesquiterpene
dialdehydes (1, 2) were reported to induce membrane
leakage in the human neuroblastoma cells (7). Interest-
ingly, the fungicidal action of the sesquiterpene dialde-
hydes against C. albicans and S. cerevisiae was dramati-
cally enhanced through combination with phenyl-
propanoids such as anethole (3) and methyleugenol (4)
(8-10). For example, the minimum inhibitory concen-
tration (MIC) of polygodial against C. albicans was
reduced from 6.25 to 0.20 µg/mL when it was combined
with 1/2MIC of anethole (8). This combination mecha-
nism has not yet been explained on a molecular level.
In addition, the binding site on the cell membrane of
the sesquiterpene dialdehydes still remains to be es-
tablished. With the increase in drug resistance and
prevalence of opportunistic infections, there is a great
need for effective antifungal agents with new modes of
action (11). Polygodial was further studied using S.
cerevisiae as a model in order to gain new insights into
the molecular basis of its fungicidal action. Accumula-
tion of this knowledge may provide a more rational
and scientific approach to designing safe and effective
antifungal agents.

MATERIALS AND METHODS

Chemicals. Polygodial and anethole were available from
our previous work (9). Cycloheximide and ethylenediamine-
tetraacetic acid (EDTA) were purchased from Sigma Chemical
Co. (St. Louis, MO). MgSO4 (7H2O) was obtained from Aldrich
Chemical Co. (Milwaukee, WI). CaSO4 (2H2O) and CuSO4

(5H2O) were purchased from J. T. Baker Chemical Co. (Phil-
lipsburg, NJ). N,N-Dimethylformamide (DMF) was obtained
from EM Science (Gibbstown, NJ).

Test Strain. The test strain Saccharomyces cerevisiae
ATCC 7754 used for this study was purchased from American
Type Culture Collection (Rockville, MD).

Medium. Saccharomyces cerevisiae was maintained at
-80 °C in yeast nitrogen broth (YNB; Difco Lab, Detroit, MI)
containing 25% glycerol and subcultured at 30 °C in Sab-
ouraud’s dextrose agar (SDA) medium (bactopeptone 1%,
dextrose 4%, bacto-agar 1.8%). A fresh culture was preincu-
bated with shaking for 5 h at 30 °C in 2.5% malt extract (ME)
broth (BBL) medium.
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Figure 1. Chemical structures of polygodial and its related
dialdehyde terpenoids, and phenylpropanoids.
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Acidification Measurement. The glucose-induced me-
dium acidification of S. cerevisiae was measured with a
modified procedure (12). The test strain was cultured with
shaking in YPD (glucose 2%, bactopeptone 2%, yeast extract
1%) broth overnight at 30 °C and washed twice with cold
distilled water. The cells were diluted to 5 × 107 CFU/mL with
cold distilled water and kept on ice. The reaction mixture
contained 2.7 mL of cells and 30 µL of the DMSO sample
solution, and was preincubated at 30 °C for 5 min. A 20%
glucose solution of 0.3 mL was added (final 2%) to induce
acidification. After 10 min of incubation, the pH of external
medium was checked (Orion 8175 Ross semimicro electrode).

Antifungal Assay. The maximum extent and rate of
activity is known to vary with seed culture mediums, the
physiological age of the culture, and the type of culture
medium. For example, the minimum inhibitory concentration
(MIC) of anethole significantly varied with the inoculum size.
All antifungal susceptibility tests in this study were performed
under a standard condition using fresh inoculum from a 5 h
shaking culture in malt extract medium, final inoculum size
of 105 CFU/mL, and 48 h stationary incubation in malt extract
medium, unless otherwise specified.

Broth macrodilution minimum inhibitory concentrations
(MICs) were determined as previously described (9). Briefly,
serial 2-fold dilutions of the test compounds were made in
DMF, and 30 µL of 100× concentrated solution was added to
3 mL of ME media. These were inoculated with 30 µL of seed
culture to give the final inoculum of 105 colony forming units
(CFU)/mL. The assay tubes were incubated without shaking
at 30 °C for 48 h. The MIC is the lowest concentration of test
compound that demonstrated no visible growth. The minimum
fungicidal concentrations (MFCs) were examined as follows.
After determining the MIC, a 30-µL aliquot was taken from
each clear tube and added into 3 mL of drug-free fresh
medium. After 48 h of incubation, the MFC was determined
as the lowest concentration of the test compounds in which
no recovery of microorganism was observed. Combination
studies were performed by a broth checkerboard method (13).
A series of 2-fold dilutions of one compound was tested in
combination with 2-fold dilutions of the other compounds. The
assays were performed in triplicate on separate occasions.

The fraction inhibitory concentration (FIC) indices were
calculated from checkerboard data. The FICs for these com-
binations were calculated as (MICa combination/MICa alone)
+ (MICb combination/MICb alone), where a and b were two
compounds tested. The FIC or fractional fungicidal concen-
tration (FFC) presented are significant values obtained from
the checkerboard matrix. FIC and FFC indices were used to
define the interaction of combined compounds: synergistic
(X ) 0.5), additive (1X > 0.5), indifferent (4X > 1), or
antagonistic (X > 4).

Time-kill studies were performed to examine the effects of
combinations of compounds in more detail. The culture tubes
were prepared as described above and incubated at 30 °C for
5 h. A 30-µL aliquot of the culture was inoculated into 30 mL
of ME broth containing appropriate concentrations of the test
compounds. The initial population size for S. cerevisiae was
5.8 × 105 CFU/mL. Samples were taken at selected times
during 48 h of exposure, and serial dilutions were made in
sterile saline before the samples were plated onto YPD agar
plates. The plates were incubated at 30 °C for 24 h before the
number of CFU was determined.

RESULTS AND DISCUSSION

In our previous study, the primary active site of
antifungal polygodial was found to damage the cell
membrane in S. cerevisiae (6). Subsequently, addition
of excess Ca2+ was reported to protect from the poly-
godial-induced cell membrane damage in S. cerevisiae,
but it was protected only weakly by Mg2+ (14). There-
fore, polygodial was combined with EDTA, which is
known as a chelating agent, to understand the role of
Ca2+ and eventually polygodial itself. EDTA signifi-

cantly synergized the antifungal activity of polygodial.
The MFC of polygodial was reduced from 3.13 to 0.2 µg/
mL when it was combined with 3200 µg/mL (1/2MFC)
of EDTA (Table 1). Because Ca2+ was found to protect
the cell membrane from polygodial-induced damage, and
Mg2+ is known as a cofactor of many essential enzymes
in S. cerevisiae (15, 16), it is possible that EDTA
removed these divalent cations from the membrane
surface and that the antifungal activity of polygodial
was enhanced as a result. The natural lipid phosphatidic
acid is known to be a calcium-specific ionophore, and is
the only phospholipid with this property (17). Interest-
ingly, polygodial also significantly enhanced the fungi-
cidal activity of EDTA. The MFC of the latter was
lowered from 6400 to 100 µg/mL, when it was combined
with 1.56 µg/mL (1/2MFC) of the former.

It is known that the addition of glucose to an un-
buffered suspension of S. cerevisiae cells results in the
extrusion of acid. This change in external pH upon the
addition of glucose is characteristic of yeast cells, and
is known to be due to the action of the plasma mem-
brane H+-ATPase (18). The activation of H+-ATPase by
glucose at the molecular level is not yet fully understood,
but the maintenance of internal pH homeostasis is
essential for the cell to survive because intracellular pH
is important for the activity of a number of enzymes
with pH optima (19, 20). This glucose-induced medium
acidification process was inhibited by polygodial as
illustrated in Figure 2. The inhibition was presumably
caused by inhibition of H+-ATPase. Therefore, it is
possible that the potent antifungal activity of polygodial
is, at least in part, due to its inhibition of the plasma
membrane H+-ATPase. Interestingly, the inhibitory
action of polygodial to the glucose-induced acidification
of the medium was suppressed strongly by Ca2+, but
only weakly by Mg2+, as shown in Figure 3.

The above findings seem to explain several remaining
problems of fungicidal action of polygodial at the mo-
lecular basis. It should be noted that the activity of
polygodial is enhanced at acidic conditions (6). It is
known that yeast cells are able to maintain a normal
internal pH when suspended in an acidic medium with
relatively little change in the intracellular pH. The
acidic conditions appear to stimulate the plasma mem-
brane H+-ATPase activity, and excess protons are
pumped out to the external medium, maintaining
constant internal pH during growth (18). As a result of
the inhibition of the plasma membrane H+-ATPase by
polygodial, the intracellular pH may drop into the range
where phosphofructokinase is sensitive (21). The sub-
sequent inhibition of glycolysis caused by this inactiva-
tion of phosphofructokinase results in a drop in ATP
levels, and thus restricts growth (19). This rationale
may explain why polygodial is more potent in the acidic

Table 1. Antifungal Activity of Polygodial, Anethole, and
EDTA against S. cerevisiae

µg/mLcompounds
tested MIC MFC

polygodial 3.13a 6.25a

1.56 3.13
warburganal 3.13 6.25
mukaadial >100 n.t.b
aframodial 0.78 1.56
anethole 100 200
EDTA 400 6400

a Inoculum size, 106. b n.t., Not tested.
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conditions. It is an interesting question how the plasma
membrane H+-ATPase is inhibited by polygodial.

In contrast to the potent antifungal activity of poly-
godial, its congener mukaadial (5) did not exhibit any
activity up to 100 µg/mL, although warburganal (2) still
exhibited some activity, though to a lesser extent than
polygodial (10, 22). Thus, the activity decreased for each
additional hydroxyl group “added” to the molecular
framework of polygodial. The fungicidal activity of
polygodial was explained as the result of the structural
disruption of the cell membrane (6). Moreover, in a
previous experiment using the human neuroblastoma
cells (7), the increase in membrane permeability was
demonstrated to depend on the accumulation of the
unsaturated dialdehydes in the membranes with the
reactive aldehyde groups oriented toward the membrane
surface. Considering the data so far reported, the
antifungal mechanism of polygodial may result, at least
in part, from its ability to function as a nonionic surface-
active agent (surfactant), similar to long chain alcohols
(23). The greater activity of the dialdehydes (1, 2) could
be due primarily to a balance between the hydrophilicity

of the unsaturated aldehyde subunit and the hydropho-
bicity of the Decalin portions of the molecule. It seems
that mukaadial (5) does not possess this balance due to
its increased hydrophilicity and, hence, is inactive.

As a nonionic surfactant, polygodial would likely
approach the binding site with the electronegativity of
the aldehyde oxygen atom. The aldehyde oxygens are
potent hydrogen bond acceptors which will disrupt
existing hydrogen bonds. For example, in the lipid
bilayer the hydroxyl group of ergosterol, a major com-
ponent of the plasma membrane, resides near the
membrane-water interface and is likely hydrogen-
bonded with the carbonyl group of phospholipids (24,
25). As ergosterol owes its membrane-fixing properties
to its rigid, longitudinal orientation in the membrane,
and has profound influence on membrane structure and
function, if these hydrogen bonds are disrupted, the cell
will die. In contrast to that of amphotericin B or
miconazole, the fungicidal activity of polygodial was not
suppressed by adding excess ergosterol.

Interestingly, the polygodial-induced membrane dam-
age was protected by Ca2+, but this protection is
eliminated by adding EDTA (14). A similar Ca2+ induced
protection was also recently reported (26). In addition,
Ca2+ is known to act as a second messenger within
eukaryotic cells, and it transduces cell-surface primary
stimuli into intracellular events (27). The role of Ca2+

is still unclear and many mechanisms to explain it seem
possible. For example, the possibility of Ca2+ binding
to the negatively charged phosphate oxygen atoms on
the membrane (15, 17), similar to bacterial membranes
(28), cannot be entirely ruled out. If this is so, it would
result in the formation of a cross-linked membrane
structure which may impede the approach of polygodial
to the binding site on the cell membrane. This can be
supported by the fact that Ca2+ suppressed miconazole-
induced leakage and slightly suppressed the ampho-
tericin B-induced leakage (14). It seems that Ca2+ has
the right size to form this cross-linked membrane
structure because other divalent cations such as Mg2+,
Fe2+, and Cu2+ do not have this protection activity.
However, the leakage alone cannot be polygodial’s
potent fungicidal mechanism because it kills the cells
even after protection of the leakage by Ca2+.

Given the surfactant-like properties of polygodial, it
is possible to suggest that polygodial also acts at the
lipid-protein interface of H+-ATPase, denaturing its
functioning conformation. In a system containing both
lipids and proteins, it is difficult to determine whether
a conformational change of a protein is the result of a
direct H+-ATPase interaction, or of motional or confor-
mational modification of the lipids themselves which
exist at the lipid-protein interface. Nevertheless, the
binding of polygodial as a nonionic surfactant can
involve only relatively weak headgroup interactions,
such as hydrogen bonding. It is suggested that the
intrinsic proteins of immediately surrounding mem-
branes are held in position by hydrogen bonding, as well
as by hydrophobic and electrostatic forces, and that
hydrogen bonding also mediates the penetration of
membranes by proteins. As proposed above, hydrogen
bonds may be disrupted by polygodial and redirected.
Thereby, the conformation of the protein may be changed,
and consequently the H+-ATPase, in particular, may
lose its functioning conformations. Although H+-ATPase
is the most abundant plasma membrane protein, con-
stituting over 20% of the total membrane protein in S.

Figure 2. Inhibitory effect of polygodial to the medium
acidification of the plasma membrane H+-ATPase of S.
cerevisiae. The medium acidification was induced by adding
the glucose solution (final concentration 2%) and was evalu-
ated with the mole concentration of protons calculated with
external medium pH. The ratio of inhibition (%) was calculated
as (1 - [H+]inhibitor/[H+]inhibitor free) × 100.

Figure 3. Metal effect on the polygodial action against the
glucose-induced medium acidification of S. cerevisiae. Cont.,
without metal; a, 10 mM of each metal ion; b, 100 mM of each
metal ion; and (9), 25 µg/mL of polygodial; and (0), 6.25 µg/
mL of polygodial.
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cerevisiae, other plasma membrane proteins may also
be disrupted by polygodial. The data obtained are
consistent with an effect on the lipid-protein interface
rather than a direct interaction of H+-ATPase. All of
this is agreeable with the previous report that the
primary active site of polygodial is at the membrane (6).

Further support for this postulate was also obtained
in experiments that showed the rapid decline in the
number of viable cells after the addition of polygodial
at the exponential-growth phase as shown in Figure 4.
Furthermore, polygodial rapidly killed S. cerevisiae cells
in which cell division was inhibited by cycloheximide.
This observation excludes several modes of action for
polygodial, such as inhibition of DNA, RNA, protein, or
cell wall component synthesis in vivo. The antifungal
mechanism of polygodial is likely associated with the
membrane functions or derangement of the membrane.
It should be noted that the size of colonies formed in
the presence of polygodial was variable and smaller
than that in the absence of polygodial as shown in
Figure 5.

All the data so far obtained can be explained by the
surfactant concept. It should be remembered that
polygodial showed potent fungicidal activity, particu-

larly against yeasts, but the above-mentioned surfactant
mechanism should not be specific. The specificity of
polygodial against yeasts is likely on the basis of its
hydrophobic Decalin moiety. To prove this hypothesis,
modification of the bicyclic moiety would be necessary,
though it may not be practical. However, indirect
evidence in support of this hypothesis already exists in
the fact that a more bulky labdane diterpene dialde-
hyde, aframodial (6), exhibited more potent activity. The
activity of polygodial can be increased by modifying its
hydrophobic bicyclic moiety, but experimentally this
may not be practical. More specifically, a series of (2E)-
alkenals were reported as antifungal agents against
Saccharomyces cerevisiae, and the result obtained in-
dicates that the hydrophobic alkyl group obviously plays
an important role in the activity (29).

In addition, R,â-unsaturated aldehydes are highly
reactive substances, and they readily react with biologi-
cally important nucleophiles, such as sulfhydryl, amino,
and hydroxyl groups. The main reaction appears to be
1,4-addition under physiological condition, although the
formation of Schiff bases is also possible. An earlier
report demonstrated a good correlation between the
antifungal activity and the papain inhibitory activity
of polygodial. Both activities appear to result from their
highly specific reactivity with sulfhydryl groups at the
enal group (22). Yeast plasma-membrane H+-ATPase
is reported to contain nine cysteines. Polygodial may
bind directly to the plasma membrane H+-ATPase,
possibly with sulfhydryl groups of the three cysteines
in the presumed transmembrane segments (C148, C312,
C867). However, Petrov and Slayman (30) reported that
no single cysteine is required for the enzyme activity
on the basis of their site-directed mutagenesis study.
This does not exclude, however, the possibility that
polygodial breaks the hydrogen bond as a surfactant and
then reacts with the freed sulfhydryl group of the H+-
ATPase. This is supported by the previous report by
Monk and his colleagues (31) that covalent modification
of the conserved C148 in the transmembrane segment
2 may be important for inhibition of H+-ATPase activity
and cell growth. The involvement of this kind of
biochemical reactions still remains unclear. In addition,
the possibility that polygodial enters the cell by passive
diffusion across the plasma membrane is unlikely but
cannot be entirely ruled out. The question of how
polygodial interacts with the membrane functions needs
to be clarified.

In conclusion, the data so far obtained indicate that
polygodial initially acts as a nonionic surfactant. For
example, polygodial induces leakage by disrupting the
membrane surface. More specifically, it inhibits the
plasma membrane H+-ATPase by disrupting and dis-
organizing the hydrogen bonds at the lipid bilayer-
protein interface. It should be kept in mind, however,
that polygodial does not act by a single defined process,
but, rather, has multiple functions by which it exerts
its potent fungicidal action. Last, it is worthwhile to
note that polygodial very likely targets the extracyto-
plasmic region and thus does not need to enter the cell,
thereby avoiding most cellular pump-based resistance
mechanisms.
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Figure 4. Decrease in viability of S. cerevisiae induced by
polygodial. Exponentially growing cells of S. cerevisiae were
treated with (open circle) or without (closed circle) cyclohex-
imide (50 µg/mL) at the time point (a) in 2.5% malt extract
medium. Polygodial was added to final concentration of 0 (b,
O), 3.13 (9, 0), and 6.25 (2, 4) µg/mL at the time point (a)
(closed circle), or (b) (open circle). Viability was estimated by
the number of colonies formed on YPD plate after incubation
at 30 °C for 24 h.

Figure 5. Effect of polygodial on colony formation of S.
cerevisiae cells. The cells (5 × 105 cells/mL) were treated with
(right) or without (left) 3.13 µg/mL of polygodial in 2.5% malt
extract medium for 2 h. After treatment, 100 µL of the cell
suspension was diluted adequately and then spread on the
YPD plate (L 80 mm). Colonies were formed after 24 h of
incubation.
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