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The ability of the human fungal pathogen Candida albicans
to undergo the morphological transition from a single
yeast form to pseudohyphal and hyphal forms in response
to various conditions is known to be important for its
virulence. Many studies have shown the pharmacological
effects of resveratrol, a phytoalexin polyphenolic compound.
In this study, we investigated the antifungal activity of
resveratrol against C. albicans. Both yeast-form and mycelial
growth of C. albicans were inhibited by resveratrol. In
addition, normal filamentation of C. albicans was affected
and yeast-to-hypha transition under serum-, pH-, and
nutrient-induced hyphal growth conditions was impaired
by resveratrol.
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Candida albicans, a major fungal pathogen causing mucosal
and systemic infections in immunocompromised hosts [5,
16], is dimorphic and grows as yeast as well as filamentous
modes in host organisms and in vitro [19]. A key property
of this fungus is its ability to switch from the yeast to the
hyphal form in the host, and this has been implicated in the
process of pathogenesis since mutants defective in hyphal
growth are known to be less virulent in systemic infections
[15]. This transition is known to occur in response to a
variety of environmental conditions, such as the presence
of serum, body temperature (37°C), neutral pH, and growth
with a poor carbon source [19].

Resveratrol (trans-3,4',-5-trihydroxystilbene) is a phytoalexin
polyphenolic compound produced by the innate host
defense systems of plants [3, 9]. Although many studies
have shown various pharmacological effects of resveratrol,
for instance, antiviral properties, protective effects against
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inflammation, enhancement of stress resistance, and lifespan
extension [3, 4, 7], little is known about its effects on fungi.
The antifungal activity of resveratrol was first demonstrated
by Jung et al. [10, 11]. However, Weber et al. [21] recently
mentioned that the potential candidacidal activity of
resveratrol was not confirmed. The effective concentration
of resveratrol against C. albicans observed by other groups
varies considerably [6, 13]. This suggests the difficulties
still remain in the treatment with such biological agent.
Therefore, there is a great interest in the effects of resveratrol
on C. albicans. The present study was designed to gain a
better understanding of the antifungal activity of resveratrol.
We focused our attention on the examination of the effects
of resveratrol on C. albicans growth, particularly the effects
on morphological transition from single yeast cells to
hyphal filaments under various hyphae-inducing conditions.

Fig. 1 and 2 represent the inhibitory effects of resveratrol
(Sigma-Aldrich, St. Louis, MO, U.S.A.) on the yeast forms
as well as on mycelial growth of C. albicans strain
SC5314. C. albicans yeast (1x10° cells/ml in YPD) was
incubated with various concentrations of resveratrol at
30°C for 16 h. The yeast growth was then assessed using a
XTT {sodium3'-[ 1-(phenylamino-carbonyl)-3,4-tetrazolium]-
bis (4-methoxy-6-nitro) benzene sulfonic acid hydrate}
reduction assay by measuring the colorimetric change at
490 nm, which is based on the cleavage of the yellow
tetrazolium salt XTT to form an orange formazan dye by
metabolically active cells, and is suitable for determination
of Candida cell proliferation [8,20]. The results were
expressed as percentages of the untreated control. Resveratrol
inhibited the growth of C. albicans yeast-form cells in a
dose-dependent manner (Fig. 1). Significant inhibition of
yeast-form growth was observed when C. albicans was
treated at a concentration of 100 or 200 pug/ml. Specifically,
yeast-form growth was reduced in the presence of 200 pg/ml
resveratrol by >50% compared with culturing without
resveratrol. To determine the effects of resveratrol on
mycelial growth of C. albicans, a crystal violet (CV; Wako
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Fig. 1. Effects of resveratrol on the yeast-form growth of C.
albicans.

Data represent means + SD of three independent experiments performed in
duplicate. Student’s #-test *p<0.01 vs. resveratrol-untreated control.

Pure Chemical Industries, Osaka, Japan)-staining assay
developed by Abe et al. [1, 2] was performed. C. albicans
(1x10* cells/ml in RPMI1640 containing FCS) was cultured
for 3h and then incubated with various concentrations
of resveratrol for 16 h under 5% CO, at 37°C. The
photometrical absorbance at 590 nm of the Candida-bound
CV extract, which reflected the number of viable hyphal
Candida, was measured. The results were expressed as the
percentage of the untreated control. Mycelial growth of C.
albicans was affected by resveratrol. Resveratrol ranging
from 40 to 200 pg/ml was capable of inhibiting mycelial
growth of C. albicans but not in a dose-dependent manner
(Fig. 2).

For experiments involving hyphal growth, C. albicans
yeast cell suspensions were spread on hyphae-inducing
solid media without or with resveratrol and the colonies
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Fig. 2. Effects of resveratrol on mycelial growth of C. albicans.
Data represent means + SD of three independent experiments performed in
duplicate. Student’s #-test *p<0.01 vs. resveratrol-untreated control.

were photographed after a 6-day incubation at 37°C.
Resveratrol impaired the yeast-to-hyphae transition and
induced colony morphological changes of C. albicans
(Fig. 3). Normally, C. albicans cells on hyphae-inducing
medium at 37°C are able to form extensive hyphae [14,
18]. However, under all conditions examined, resveratrol
blocked hyphal outgrowth of mature colonies and the
extent of hyphal growth was significantly reduced (Fig. 3).
On YPD (1% yeast extract, 2% peptone, and 2% glucose
per liter)+10% fetal calf serum (FCS, Sigma-Aldrich) agar
plates that induce serum-mediated filamentation [19], the
C. albicans colonies exhibited indistinct and diminished
hyphal growth (Fig. 3A). The filamentation induced by the
pH environment on Lee’s medium (1% nutrient broth,
0.2% K,HPO,, and 1% glucose per liter) at pH 7 was
markedly reduced when resveratrol was added. The hyphae
around the colony cultured with resveratrol were shorter and
less abundant than those of untreated colonies (Fig. 3B).
Moreover, the colonies grown with resveratrol on the
nutrient-limited media, such as synthetic low-ammonium-
dextrose (SLAD) containing 50 uM ammonium sulfate as
the sole nitrogen source or Spider medium that was
modified from the liquid formulation by the substitution of
glucose for mannitol, failed to form complete and wrinkle
hyphae and the colonies were flat and small (Fig. 3C and 3D).
To observe C. albicans hyphal development in liquid media,
late-exponential-phase cultures grown in YPD at 30°C
were inoculated into fresh hyphae—inducing media without
or with resveratrol and incubated at 37°C for 1, 3, and 5 h.
Preliminary experiments revealed that <40 pug/ml resveratrol
was sufficient to inhibit hyphae formation by C. albicans
(data not shown). Therefore, 40 pg/ml of resveratrol was
added to the media. C. albicans (1x10* cells/ml in hyphae-
inducing liquid media) was incubated without or with
40 pg/ml resveratrol at 37°C for 1, 3, and 5 h. After incubation,
the numbers of hyphal cells were counted microscopically
as previously described and the hyphae ratio was expressed
as the percentage of each control [17]. Resveratrol affected
the normal filamentation of C. albicans under various
conditions (Table 1). The ratio of filamentation was significantly
inhibited by resveratrol in all media examined. The ratio of
hyphal cells compared with untreated control cells after
incubation for 5 h was decreased by approximately 50%
under serum-inducing condition, by 70% with pH-inducing
condition, and by 80% under nutrient-limited condition,
when resveratrol was added to the media. In addition, C.
albicans generated short hyphae in the presence of resveratrol
rather than the long and straight hyphae observed in control
cells (data not shown). Taken together, resveratrol treatment
resulted in incomplete hyphal morphology and significantly
decreased hyphal formation under various filament-inducing
conditions.

C. albicans is the predominant species of yeast isolated
from patients with oropharyngeal candidiasis, which is



w/o w/resveratrol

Fig. 3. Inhibition of hyphal outgrowth of C. albicans by resveratrol
on hyphae-inducing plates: YPD+10% FCS containing 100 pg/
ml resveratrol (A), Lee’s at pH 7 containing 40 pg/ml resveratrol
(B), Spider containing 100 pg/ml (C), and SLAD containing 40 pg/ml
resveratrol (D).

Scale bars represent 1.0 cm.

a frequent symptom of human immunodeficiency virus
infection. Relatively few classes of antifungal drugs are
currently available for clinical treatment of oral and systemic
candidiasis. Increased use of these antifungal agents to
treat candidiasis has resulted in a dramatic increase in the
emergence of drug-resistant candidal species [12]. Because
of the toxic side-effects of these antifungal drugs, there is a
need to evaluate novel antifungal agents as alternative drug
therapies. This study showed that resveratrol was effective
in the control of both cell types of C. albicans because it
inhibited not only the growth of yeast-forms but also
mycelial growth. In addition, the induction of yeast-to-
hyphae morphological switching in C. albicans cells under
various conditions such as serum induction, nutrient
starvation, and neutral pH was impaired by resveratrol. It
is not clear if resveratrol has a specific inhibitory effect on
hyphal formation or simply attenuates mycelial growth-
dependent hyphal formation. Additional approaches will
be required to delineate the molecular basis. Nevertheless,
our findings suggest that resveratrol has the potential to
serve as an anti-candidal agent and as the basis for the
development of new antifungal treatments.

RESVERATROL INHIBITION OF C. ALBICANS DIMORPHISM 944

Table 1. Hyphal ratio of C. albicans treated with resveratrol.

o Hyphae ratio (%)
. Incubation time
Medium (min) Resveratrol ~ Resveratrol

) (+)
YPD+10% FCS 60 77.1£1.3 19.6+0.6
180 89.310.7 24.613.0
300 95.8+1.1 44.843.1
Lee’s 60 42.8+0.5 18.3+0.9
180 77.5+1.0 21.5+2.1
300 97.610.7 26.412.6
SLAD 60 36.8£1.3 15.4£0.7
180 51.6£3.8 16.8+0.2
300 92.61.0 17.7+0.7
Spider 60 45.342.3 15.2£1.5
180 74.0£0.7 14.3£1.1
300 93.9+0.9 16.8+0.9

Data represent means + SD of three independent experiments performed in
duplicate.

Acknowledgments

This work was supported by the “High-Tech Research
Center” Project (HRC7) for Private Universities. We wish
to thank Howard K. Kuramitsu (Professor Emeritus, SUNY,
Buffalo, U.S.A.) for his critical reading and assistance with
the English of this manuscript.

REFERENCES

1. Abe, S., Y. Sato, S. Inoue, H. Ishibashi, N. Maruyama, T. Takizawa,
H. Oshima, and H. Yamaguchi. 2003. Anti-Candida albicans
activity of essential oils including lemongrass (Cymbopogon
citratus) oil and its component, citral. Nippon Ishinkin Gakkai
Zasshi 44: 285-291.

2. Abe, S., T. Satoh, Y. Tokuda, S. Tansho, and H. Yamaguchi.
1994. A rapid colorimetric assay for determination of leukocyte-
mediated inhibition of mycelial growth of Candida albicans.
Microbiol. Immunol. 38: 385-388.

3. Baur, J. A. and D. A. Sinclair. 2006. Therapeutic potential of
resveratrol: The in vivo evidence. Nat. Rev. Drug Discov. 5:
493-506.

4. Bhat, K. P. and J. M. Pezzuto. 2002. Cancer chemopreventive
activity of resveratrol. Ann. NY Acad. Sci. 957: 210-229.

5. de Repentigny, L., D. Lewandowski, and P. Jolicoeur. 2004.
Immunopathogenesis of oropharyngeal candidiasis in human
immunodeficiency virus infection. Clin. Microbiol. Rev. 17:
729-759.

6. Docherty, J. J., M. M. Fu, and M. Tsai. 2001. Resveratrol
selectively inhibits Neisseria gonorrhoeae and Neisseria
meningitidis. J. Antimicrob. Chemother. 47: 243-244.

7. Donnelly, L. E., R. Newton, G. E. Kennedy, P. S. Fenwick, R.
H. Leung, K. Ito, R. E. Russell, and P. J. Barnes. 2004. Anti-
inflammatory effects of resveratrol in lung epithelial cells:
Molecular mechanisms. Am. J. Physiol. Lung Cell Mol. Physiol.
287: L774-1783.



945

8.

10.

11.

12.

13.

14.

Okamoto-Shibayama et al.

Hawser, S. 1996. Comparisons of the susceptibilities of planktonic
and adherent Candida albicans to antifungal agents: A modified
XTT tetrazolium assay using synchronised C. albicans cells. J.
Med. Vet. Mycol. 34: 149-152.

. Ignatowicz, E. and W. Baer-Dubowska. 2001. Resveratrol, a

natural chemopreventive agent against degenerative diseases.
Pol. J. Pharmacol. 53: 557-569.

Jung, H. J., I. A. Hwang, W. S. Sung, H. Kang, B. S. Kang, Y.
B. Seu, and D. G. Lee. 2005. Fungicidal effect of resveratrol on
human infectious fungi. Arch. Pharm. Res. 28: 557-560.

Jung, H. J., Y. B. Seu, and D. G Lee. 2007. Candicidal action
of resveratrol isolated from grapes on human pathogenic yeast
C. albicans. J. Microbiol. Biotechnol. 17: 1324—-1329.

Kanafani, Z. A. and J. R. Perfect. 2008. Antimicrobial resistance:
Resistance to antifungal agents: Mechanisms and clinical impact.
Clin. Infect. Dis. 46: 120—128.

Lee, S. K., H. J. Lee, H. Y. Min, E. J. Park, K. M. Lee, Y. H.
Ahn, Y. J. Cho, and J. H. Pyee. 2005. Antibacterial and antifungal
activity of pinosylvin, a constituent of pine. Fitoterapia 76:
258-260.

Li, Y., C. Su, X. Mao, F. Cao, and J. Chen. 2007. Roles of
Candida albicans Sfll in hyphal development. Eukaryot. Cell
6: 2112-2121.

15.

16.

17.

18.

19.

20.

21.

Lo, H. J,, J. R. Kohler, B. DiDomenico, D. Loebenberg, A.
Cacciapuoti, and G. R. Fink. 1997. Nonfilamentous C. albicans
mutants are avirulent. Cel/ 90: 939-949.

Odds, F. C. 1987. Candida infections: An overview. Crit. Rev.
Microbiol. 15: 1-5.

Ogasawara, A., N. Komaki, H. Akai, K. Hori, H. Watanabe,
T. Watanabe, T. Mikami, and T. Matsumoto. 2007. Hyphal
formation of Candida albicans is inhibited by salivary mucin.
Biol. Pharm. Bull. 30: 284-286.

Sudbery, P, N. Gow, and J. Berman. 2004. The distinct
morphogenic states of Candida albicans. Trends Microbiol. 12:
317-324.

Sanchez-Martinez, C. and J. Perez-Martin. 2002. Site-specific
targeting of exogenous DNA into the genome of Candida
albicans using the FLP recombinase. Mol. Genet. Genomics
268: 418-424.

Watamoto, T., L. P. Samaranayake, J. A. Jayatilake, H. Egusa,
H. Yatani, and C. J. Seneviratne. 2009. Effect of filamentation
and mode of growth on antifungal susceptibility of Candida
albicans. Int. J. Antimicrob. Agents 34: 333-339.

Weber, K., B. Schulz, and M. Ruhnke. 2009. Resveratrol and its
antifungal activity against Candida species. Mycoses [In Press.]




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


