J. Gen. Appl. Microbiol., 59, 167-170 (2013)

Short Communication

An in vitro repositioning study reveals antifungal potential of
chloroquine to inhibit growth and morphogenesis in Candida albicans
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Antifungal drugs available to treat infections caused
by C. albicans are mainly limited to the azole, polyene
and echinocandin classes of molecules. However these
drugs are unable to treat Candida infections because of
multiple drug resistance and alternate survival strate-
gies like biofilm formation. Side effects due to toxicity
is another problem associated with these drugs.
Hence, there is a need to search for novel molecules
with antifungal activities (Mishra et al. 2007; Oncil, 2011).
Designing a new drug is a time- and money-consuming
process. Drug repurposing/repositioning, which in-
volves revealing novel bioactivities of drugs already
being used in therapeutics (for treatment of a different
ailment), is an attractive strategy (Ashburn and Thor,
2004). For example, cisplatin, which was originally dis-
covered as an antimicrobial, proved to be an effective
tumor inhibitor. Azole antifungals were shown to have
good anti-mycobacterium activities, while anticancer
agents were reported to possess potential anti-Can-
dida properties (Routh et al., 2011). Chloroquine (CQ),
a synthetic derivative of quinine, is a popular antima-
larial agent and has been extensively used against
malaria since 1940.
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Increased incidence of CQ resistant Plasmodium fal-
ciperum infections has suspended its use for malaria
treatment in most of countries. However, attempts are
being made to explore the unknown bioactivities of
chloroquine (Savarino et al., 2003). It was used in clin-
ical trials as an investigational antiretroviral agent for
HIV-1 infection in humans, particularly when survival
has been prolonged by other antiretroviral treatments.

Furthermore, in a study by Sotelo and co-workers,
chloroquine was added to a conventional therapeutic
protocol of surgery, radiotherapy and chemotherapy
to treat glioblastoma in HIV-1-seronegative adults and
found to be synergistic (Sotelo et al., 2003). Chloro-
quine was also found effective against the yeasts His-
toplasma capsulatum and Cryptococcus neoformans
(Khan et al., 2005). Effects of CQ in the human fungal
pathogen C. albicans have not been reported except
for one conference abstract (Park et al., 2003). In this
systematic study, we report the effect of CQ on growth
as well as yeast-to-hyphae transition which is an im-
portant virulence factor of C. albicans. In order to ex-
plore the mechanism of action, ergosterol profiling of
C. albicans was done.

A standard strain of Candida albicans (ATCC 90028)
was obtained from the Institute of Microbial Technolo-
gy, Chandigarh, India. Cultures were stored on Yeast
extract-Peptone-Dextrose (YPD) agar at 4°C. Activa-
tion of cultures was done by inoculating a single colo-
ny into 50 ml of YPD broth in a 250 ml Erlenmeyer
flask. The flasks were incubated at 30°C on a rotary



168 SHINDE et al.

incubator shaker, for 24 h. Cells were harvested by
centrifugation and washed with sterile Phosphate Buf-
fer Saline (PBS). RPMI-1640 medium, pH 7.0 (with L-
glutamine, without sodium bicarbonate; buffered with
0.165 mMm MOPS), was filter sterilized. All the media
components and chemicals were purchased from Hi-
Media Pvt. Ltd., Mumbai. Chloroquine (CQ) and fluco-
nazole were purchased from Ipca Pharm. Pvt. Ltd., India
and Cipla Pharm. Pvt. Ltd., Mumbai, India, respectively.
Susceptibility to drugs was studied by using the broth
micro dilution method as per the guidelines of CLSI
(Routh et al., 2011). Briefly, various concentrations of
CQ ranging from 2,000 to 31.2 ug mI~! were prepared
in RPMI-1640 by double dilution in 96-well microplates
(Costar, Corning Corp., USA), while wells without drugs
served as controls. Medium containing cells was added
so that the final volume of the assay system in each well
remained 200 ul, with a cell density of 1 X 103 cells mI™".
The standard drug fluconazole (8—0.125 ug ml™") served
as another control. Plates were incubated at 35°C, for
48 h and the absorbance of wells was read at 620 nm
wavelength using a microplate reader (Multiskan- Ex,
Thermo Electron Pvi. Ltd., Banglore, India). Minimum
inhibitory concentration (MIC) for growth was deter-
mined as the lowest concentration causing 50% re-
duction in the absorbance of cells compared to that of
the control.

The effect of CQ on yeast-to-hyphae transition in C.
albicans was studied by microplate-based standard
assay (Chauhan et al., 2011). FBS and RPMI-1640,
two different inducers of germ tube formation, were
used. Various concentrations of CQ were separately
prepared by double dilution in these inducers and
tested for their activity against germ tube formation.
Cells were added to get 1 X108 cells mI™" in 200 ul of
assay system in each well. Wells without CQ were kept
as a control and plates were incubated at 37°C, at
200 rpm for 2 h. Plates were observed using an inverted
microscope (Metzer, India) for the presence of yeast
and hyphae. Every time 100 cells were counted, and
the percentage of germ tube formation in the presence
of the drug compared to that of control was calculated.
Ergosterol profiling was performed as per the method
given by Arthington-Skaggs et al. (1999). Briefly, cul-
tures were incubated overnight in the presence of
varying concentrations of CQ, at 35°C and 100 rpm.
Cells were harvested and wet weight of the cell pellet
was determined. Cells were suspended in 25% etha-
nolic KOH and incubated at 85°C for 1 h. Sterols were
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extracted in 75% v/v n-heptane and the extracts were
diluted 1 : 5 with ethanol.

Spectrum was taken at the wavelengths 240-300 nm
using the UV-Vis Spectrophotometer (model UV-1800,
Shimadzu, Inc.). The presence of ergosterol and the
late intermediate 24 (28) DHE (dehydroergosterol) in
the extracted sample results in a characteristic four-
peak curve. The height of the absorbance peaks was
indicative of the ergosterol concentration. Experiments
were done three times and the values mentioned are
means with standard deviations. Values of the treat-
ment and control groups were compared by using Stu-
dent’s t-test and a p value < 0.05 was considered sig-
nificant.

The aim of this study was to explore the potential
of repositioning the antimalarial drug chloroquine
against the human pathogen C. albicans. CQ inhib-
ited growth in a concentration-dependent manner.
Around 25% of growth was inhibited at 500 ug ml~,
while a significant (p <0.05) inhibition of growth was
exhibited at 1,000 ug mi~'. CQ prevented morpho-
genesis (an important virulence attribute) of C. albi-
cans at very low concentrations. The number of cells
switching from yeast to hyphae forms, induced by two
standard inducers (i. e. serum & RPMI-1640 medium)
was reduced with increasing CQ concentration. CQ, at
a 31.2 ug mi~! concentration, showed significant (more
than 60%) inhibition of Y-to-H form switching (Fig. 1).
Complete inhibition of germ tube formation was ob-
tained at 250 ug mi~' and only yeast-form cells were
observed (Fig. 2F). Morphogenesis of C. albicans was
sensitive to CQ at concentrations much lower than the
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Fig. 1. Effect of chloroquine on serum-induced yeast-to-hy-
phae dimorphism in Candida albicans.

The assay was performed by a microplate-based method.
Various concentrations of CQ ranging from 7.81 to 500 ug mi™
were added to the induction medium and the effect on morpho-
genesis was analyzed after 2 h. Percentage of germ tube forma-
tion was calculated compared with the control.
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Fig. 2. Light micrographs showing the effect of chloroquine
on serum-induced yeast-to-hyphae morphogenesis in Candida
albicans.

Various concentrations of CQ, A) Control; B) 15.6 ug mi~"; C)
312ugml';D)62.5ugmi~!; E) 125 ugmi™!; and F) 250 ugmi~,
were added to the induction medium and morphology of the cells
was observed under an inverted microscope (magnification X 200).

growth inhibitory concentrations. This ability to inhibit
a virulence factor, without killing the pathogen, may be
valuable to avoid the natural selection and emergence
of a drug-resistant population of microbes (Clatworthy
et al., 2007).

Previous studies have reported that CQ has a poten-
tial to inhibit cholesterol biosynthesis in hepatic cells of
rats. CQ was found to interfere in cyclization of squa-
lene oxide to lanosterol, which resulted in inhibition of
cholesterol (Chen and Leonard, 1984). Lowering of
cholesterol may be a net result of limited synthesis of
cholesterol and inhibition of re-absorption of choles-
terol in intestinal as well as hepatic cells (Achudume,
2009). Along with the interruption in cholesterol re-ab-
sorption it has been shown to alter the protein-binding
and permeability of various membranes (Wellems et
al.,, 1991). It has been reported that CQ treatment
leads to iron deprivation in a yeast, Histoplasma cap-
sulatum (Newman et al., 1993). Interestingly, iron de-
privation of yeast cells is already known to cause low-
ering of membrane sterols (Shakoury-Elizeh et al.,
2010). We hypothesized that a similar mechanism may
exist in C. albicans, so that CQ will interfere in ergos-
terol biosynthesis resulting in changes in membrane
permeability and normal membrane functions. To ana-
lyze this possibility, ergosterol profiling of cells grown
in the presence of varying concentrations of CQ was
done. Cellular ergosterol decreased in C. albicans with
increasing concentration (i. e. from 250 to 1,000 ug mi~")
of CQ (Fig. 3). Notably one of the peaks in the charac-
teristic four-peak spectrum was found to increase with
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Fig. 3. Ergosterol profile of Candida albicans cells exposed to
various concentrations of chloroquine, a) Control; b) 250 ug mi~";
¢) 500 ug mi~'; d) 1,000 ug mi~", showing a concentration-depen-
dent decrease in the height of the peak characteristic of ergosterol.
Note the increase in a peak specifically at 260 nm, which may
correspond to an abnormal ergosterol.

increasing concentrations of CQ. We propose that this
unknown peak may be a toxic sterol accumulated due
to CQ-mediated intervention in sterol synthesis, which
interferes with normal membrane functions and inhib-
its growth of C. albicans. To summarize, our study has
shown that inhibition of normal ergosterol synthesis
may be one of the reasons behind CQ-mediated inhi-
bition of C. albicans growth. Ergosterol also has a di-
rect relation with morphogenesis in C. albicans. A mu-
tant unable to synthesize ergosterol was shown
defective in yeast-to-hyphal form conversion (Pasrija et
al., 2005). Moreover, for the first time, we report its abil-
ity to inhibit morphogenesis. Prevention of this impor-
tant virulence attribute, independent of growth inhibi-
tion, suggested that CQ has specific anti-morphogenesis
activity. This study indicated that CQ and similar drugs
have potential to be repurposed against C. albicans.

Acknowledgments

RBS is thankful to ICMR, New Delhi, for a fellowship provided
to him under ICMR-SRF program (file no. 80/607/2008/ECD-I).

References

Achudume, A. C. (2009) The influence of chloroquine adminis-
tration on antioxidant levels, oxidant marker and total cho-
lesterol in Wistar rats. Biol. Med., 1, 39-43.

Arthington-Skaggs, B. A., Jradi, H., Desai, T., and Morrison, C.
J. (1999) Quantitation of ergosterol content: Novel method
for determination of fluconazole susceptibility of Candida
albicans. J. Clin. Microbiol., 37, 3332-3337.

Ashburn, T. T. and Thor, A. B. (2004) Drug repositioning: Identi-
fying and developing new uses for existing drugs. Nat. Rev.



170 SHINDE et al.

Drug Disc., 3, 673-683.

Chauhan, N. M., Raut, J. S., and Karuppayil, S. M. (2011) A
morphogenetic regulatory role for ethyl alcohol in Candida
albicans. Mycose., 54, e697-e703.

Chen, H. W. and Leonard, D. A. (1984) Chloroquine inhibits cy-
clization of squalene oxide to lanosterol in mammalian
cells. J. Biol. Chem., 259, 8156-8162.

Clatworthy, A. E., Pierson, E., and Hung, D. T. (2007) Targeting
virulence: A new paradigm for antimicrobial therapy. Nat.
Chem. Biol., 3, 541-548.

Khan, M. A., Jabeen, R., Nasti, T. H., and Mohammad, O. (2005)
Enhanced anticryptococcal activity of chloroquine in phos-
phatidylserine-containing liposomes in a murine model. J.
Antimicrobiol. Chemother., 55, 223-228.

Mishra, N. N., Prasad, T., Sharma, N., Payasi, A., Prasad, R.,
Gupta, D. K., and Singh, R. (2007) Pathogenicity and drug
resistance in Candida albicans and other yeast species.
Acta Microbiol. Immunol. Hung., 54, 201-235.

Newman, S. L., Gootee, L., Brunner, G., and Deepe, G. S., Jr.
(1993) Chloroquine induces human macrophage killing of
Histoplasma capsulatum by limiting the availability of intra-
cellular iron and is therapeutic in a murine model of histo-
plasmosis. J. Clin. Invest., 93, 1422-1429.

Oncii, S. (2011) In vitro effectiveness of antifungal lock solu-
tions on catheters infected with Candida species. J. Infect.
Chemother., 17, 634-639.

Park, Y., Chang, K., Choi, J., Park, Y., Cho, J., Han, S., Chin, B.,
Choi, S., Song, Y., and Kim, J. (2003) Chloroquine (CQ)

Vol. 59

potentiates antifungal agents against Candida spp. 43rd
Interscience Conference on Antimicrobial Agents and Che-
motherapy, Chicago, USA, 2003 Sep 14-17; abstract no.
M-1246.

Pasrija, R., Krishnamurthy, S., Prasad, T., Ernst, JF,, and Prasad,
R. (2005) Squalene epoxidase encoded by ERG17 affects
morphogenesis and drug susceptibilities of Candida albi-
cans. J. Antimicrob. Chemother., 55, 905-913.

Routh, M. M., Raut, J. S., and Karuppayil, S. M. (2011) Dual
properties of anticancer agents: An exploratory study on
the in vitro anti- Candida properties of thirty drugs. Chemo-
therapy, 57, 372-380.

Savarino, A., Boelaert, J. R., Cassone, A., Majori, G., and Cau-
da, R. (2003) Effects of chloroquine on viral infections: An
old drug against today’s diseases? Lancet Infect. Dis., 3,
722-727.

Shakoury-Elizeh, M., Protchenko, O., Berger, A., Cox, J., Gable,
K., Dunn, T. M., Prinz, W. A., Bard, M., and Philpott, C. C.
(2010) Metabolic response to iron deficiency in Saccharo-
myces cerevisiae. J. Biol. Chem., 285, 14823-14833.

Sotelo, J., Briceno, E., and Lopez-Gonzalez, M. A. (2006) Add-
ing chloroquine to conventional treatment for glioblastoma
multiforme: A randomized, double-blind, placebo-con-
trolled trial. Ann. Intern. Med., 144, 337-343.

Wellems, T. E., Walker-Jonah, A. S., and Panton, L. S. (1991)
Understanding the biochemical properties and functional
role of CQ. Proc. Natl. Acad. Sci. USA, 88, 3382-3386.



