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The in vitro and in vivo efficacy of fluconazole in combination with 
farnesol against Candida albicans isolates using a murine vulvovaginitis 
model

Farnesol is a quorum-sensing molecule that inhibits biofilm 
formation in Candida albicans. Previous in vitro data sug-
gest that, in combination with certain antifungals, farnesol 
may have an adjuvant anti-biofilm agent. However, the in 
vivo efficacy of farnesol is very questionable. Therefore, the 
in vitro and in vivo activity of fluconazole combined with far-
nesol was evaluated against C. albicans biofilms using frac-
tional inhibitory concentration index (FICI) determination, 
time-kill experiments and a murine vulvovaginitis model. 
The median biofilm MICs of fluconazole-sensitive C. albi-
cans isolates ranged between 4 -> 512 mg/L and 150–300 μM 
for fluconazole and farnesol, respectively. These values were 
512 -> 512 mg/L and > 300 μM for fluconazole-resistant cli-
nical isolates. Farnesol decreased the median MICs of flu-
conazole by 2-64-fold for biofilms. Based on FICI, syner-
gistic interaction was observed only in the case of the sessile 
SC5314 reference strain (FICIs: 0.16–0.27). In time-kill stu-
dies, only the 512 mg/L fluconazole and 512 mg/L flucona-
zole + 75 μM farnesol reduced biofilm mass significantly at 
each time point in the case of all isolates. The combination 
reduced the metabolic activity of biofilms for all isolates in a 
concentration- and time-dependent manner. Our findings 
revealed that farnesol alone was not protective in a murine 
vulvovaginitis model. Farnesol was not beneficial in combi-
nation with fluconazole for fluconazole-susceptible isolates, 
but partially increased fluconazole activity against one flu-
conazole-resistant isolate, but not the other one.

Keywords: time-kill experiment, FIC index, murine vulvo-
vaginitis, fluconazole-resistant, synergy

Introduction

Farnesol is an endogenous quorum-sensing molecule influ-
encing fungal morphogenesis and biofilm production (Hornby 
et al., 2001). Farnesol blocks yeast-hypha transition and thus 
decreases biofilm formation in the case of Candida albicans 
in a concentration-dependent manner (Ramage et al., 2002; 
Langford et al., 2009).
  In vitro synergy between several antifungal agents and far-
nesol against biofilms has been reported in the case of the C. 
albicans SC5314 reference strain (Katragkou et al., 2015). 
These data suggest that farnesol in combination with anti-
fungals including fluconazole may have utility as an adjuvant 
anti-biofilm agent. However, little information is available 
regarding clinical isolates and the interaction between far-
nesol and antifungals against C. albicans in vivo (De Cremer 
et al., 2015). As previously described, C. albicans forms bio-
film in vivo on the surface of the vaginal epithelium (Harriott 
et al., 2010). The integrity of in vivo biofilms may be dis-
rupted by the co-administration of fluconazole and farne-
sol; the latter induces degradation of the biofilm at supra-
physiological concentrations (300 μM), which may provoke 
cell detachment or dispersion and the detached cells may 
be eliminated more effectively by fluconazole (Uppuluri et 
al., 2010).
  Therefore, the aim of this study was to determine the in 
vitro activity of fluconazole with and without farnesol against 
biofilms formed by fluconazole-sensitive and fluconazole- 
resistant clinical isolates of C. albicans. Furthermore, we 
evaluated the in vivo effect of the combination treatment on 
the vaginal fungal burden in a murine vulvovaginitis model.

Materials and Methods

Organisms
Two fluconazole-sensitive (1216, 10431) and two flucona-
zole-resistant (21616, 27700) isolates isolated from vulvo-
vaginal candidiasis were used in this study together with the 
reference strain SC5314. Clinical isolates were identified by 
API ID32C panel as well as by matrix-assisted laser de-
sorption/ionization time of flight mass spectrometry (Micro-
flex, Bruker Daltronics).

Susceptibility testing of planktonic cells
Antifungal susceptibility of Candida isolates to fluconazole 
(Sigma) and to farnesol (Sigma) was tested using the broth 
microdilution method in RPMI-1640 (with L-glutamine and 
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without bicarbonate, pH 7.0 with MOPS; Sigma) in accor-
dance with the CLSI standard M27-A3 protocol (Clinical 
and Laboratory Standards Institute, 2008). The final con-
centrations of the drug ranged between 0.06–4 mg/L and 
2–128 mg/L for fluconazole in the case of susceptible and re-
sistant isolates, respectively, and between 1.17–300 μM for 
farnesol in the case of all isolates.
  Farnesol was obtained as 3M stock solution which was di-
luted to a 30 mM working stock solution in 100% methanol. 
A single lot of farnesol was used throughout the study. The 
working concentrations were prepared in RPMI-1640. Each 
drug-free control well contained 1% (vol/vol) methanol (Kat-
ragkou et al., 2015).
  Susceptibility testing for planktonic cells was carried out in 
96-well plates at 37°C for 24 h. The inoculum was 0.5–2.5 × 
103 cells/ml. Minimum inhibitory concentrations (MICs) 
were defined based on turbidity (492 nm) being at least 50% 
growth reduction compared with drug-free control. Percen-
tage change in turbidity was calculated on the basis of ab-
sorbance (A) as 100% × (Awell – Abackground)/(Adrug-free well – 
Abackground). The background was measured from the fun-
gus-free well. All isolates were tested in three independent 
experiments and the median of the three values was used in 
the analysis (Zhou et al., 2012; Katragkou et al., 2015).

Biofilm mass determination
Biofilms were prepared as described by Pierce et al. (2008). 
One-day-old biofilm mass was quantified as previously de-
scribed by O’Toole (2011). In brief, 125 μl of a 0.1% crystal 
violet solution was added to each well containing prewashed 
biofilms and incubated for 15 min at room temperature. 
The solution was then removed and plates were washed three 
times with 200 μl physiological saline to remove excess crys-
tal violet completely. Afterwards 125 μl of a 30% acetic acid 
solution was added to each well to solubilize the biofilm- 
bound crystal violet. After 15 min incubation at room tem-
perature, 100 μl supernatant was transferred to a new 96-well 
plate and read spectrophotometrically at 540 nm. Blank 
wells contained 100 μl of 30% acetic acid (O’Toole, 2011).

Susceptibility testing of biofilms
The activity of fluconazole and farnesol against biofilms was 
evaluated using the XTT (2,3-bis(2-methoxy-4-nitro-5-sul-
fophenyl)-2H-tetrazolium-5-carboxanilide) reduction assay 
(Hawser, 1996; Zhou et al., 2012; Katragkou et al., 2015). 
Based on our preliminary results the concentrations tested in 
MIC determination in biofilms were 8–512 mg/L and 1.17– 
300 μM for fluconazole and farnesol, respectively. To de-
termine the 24-h biofilm MICs, the one-day-old biofilms 
were first washed three times with 200 μl sterile physiologi-
cal saline. All wells, including the blank ones, were filled with 
100 μl of 0.5 g/L XTT/1 μM menadione solution. The plates 
were covered with aluminium foil and incubated at 37°C for 
2 h. After incubation, 80 μl of the supernatant was removed 
and transferred into a new 96-well plate in order to measure 
the absorbance spectrophotometrically at 492 nm. MICs were 
defined as the lowest concentration that produced at least 
50% reduction in metabolic activity of fungal biofilms. The 
percentage change in metabolic activity was calculated in the 

same way as described for the measurement of turbidity for 
planktonic cells. All isolates were tested in three independent 
experiments and the median of the three values was used in 
the analysis (Hawser, 1996; Zhou et al., 2012; Katragkou et 
al., 2015).

Interactions between farnesol and fluconazole
A fractional inhibitory concentration index (FICI) as a non-
parametric approach was used to evaluate drug-drug inter-
actions using a two-dimensional broth microdilution chec-
kerboard assay both for planktonic and sessile cells (Mele-
tiadis et al., 2005; Zhou et al., 2012; Katragkou et al., 2015). 
The concentration ranges were same as described above for 
MIC determination against planktonic cells and biofilms. 
The FICI model expressed as ΣFIC = FICA + FICB = 
MICA

comb/MICA
alone + MICB

comb/MICB
alone, where MICA

alone, 
and MICB

alone are the MIC values of agents A and B used 
alone and MICA

comb and MICB
comb are the MICs of agents 

A and B at the isoeffective combinations, respectively. FICI 
was defined as the lowest ΣFIC. The MIC values of the drugs 
alone and of all isoeffective combinations were determined 
as the lowest drug concentrations showing at least 50% re-
duction of turbidity for planktonic, or at least 50% reduc-
tion of metabolic activity for sessile cells compared to the un-
treated controls. Off-scale MICs were converted to the next 
highest two-fold concentration. The interaction between flu-
conazole and farnesol was interpreted as synergistic when 
FICI was ≤ 0.5, as indifferent interaction when FICI was 
between > 0.5 and 4 and as antagonism when FICI was > 4 
(Meletiadis et al., 2005; Zhou et al., 2012; Katragkou et al., 
2015).

Time-kill experiments
Time-kill experiments were carried out with biofilms to ex-
amine the effect of fluconazole alone and in combination with 
farnesol on biofilm mass and metabolic activity on separate 
plates (Zhou et al., 2012; Kovács et al., 2016). After the bio-
films were prepared, predetermined wells were assigned to 
endpoints of 3, 6, 9, 12, and 24 h, then the different drug 
concentrations were added in RPMI-1640 to all wells at time 
0. After 3, 6, 9, 12, and 24 h, the corresponding pre-assigned 
wells were washed in both plates and the biofilm mass as well 
as the metabolic activity of biofilms was measured as des-
cribed above. Baseline biofilm mass and metabolic activity 
was measured from wells assigned as such prior to adding 
the drug (Zhou et al., 2012; Kovács et al., 2016). All isolates 
were tested in three independent experiments.
  The drug concentrations tested in the time-kill experiments 
were 0.5 mg/L, 8 mg/L, 64 mg/L, and 512 mg/L fluconazole 
with and without 75 μM farnesol against the fluconazole- 
sensitive strains and against the reference strain as well as 
64 mg/L, 128 mg/L, 256 mg/L, and 512 mg/L fluconazole 
with and without 75 μM farnesol against the two resistant 
strains. The farnesol concentration of 75 μM was chosen as 
this was the lowest farnesol concentration which consistently 
displayed a measurable effect in the checkerboard microdi-
lution.
  Time-kill curves were prepared from the measured bio-
film mass and metabolic activity values using GraphPad Prism 
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Table 2. Minimum inhibitory concentrations (MICs) of fluconazole alone and in combination with farnesol against fluconazole sensitive (S) and resistant 
(R) Candida albicans biofilms

Isolate
Median MIC (range) of drug used 

FICIc InteractionAlone In combination
Fluconazole (mg/L) Farnesol (μM) Fluconazole (mg/L) Farnesol (μM)

SC5314 (S) 512 300 8 75 (37.5–75) 0.27 (0.16–0.27) Synergism
1216 (S) 4 (2–8) 150 (150–300) 0.5 (0.12–4) 75 (37.5–150) 0.63 (0.38–1) Indifferent
10431 (S) > 512a 150 512 37.5 0.75 Indifferent
27700 (R) 512 > 300b 256 300 1 Indifferent
21616 (R) > 512a > 300b 256 300 0.75 Indifferent

a MIC is offscale at > 512 mg/L, 1024 mg/L (one dilution higher than the highest tested concentration) was used for analysis
b MIC is offscale at > 300 μM, 600 μM (one dilution higher than the highest tested concentration) was used for analysis
c Fractional Inhibitory Concentration Index

Table 1. Minimum inhibitory concentrations (MICs) of fluconazole alone and in combination with farnesol against fluconazole sensitive (S) and resistant 
(R) Candida albicans planktonic cells

Isolate
Median MIC (range) of drug used 

FICIb InteractionAlone In combination
Fluconazole (mg/L) Farnesol (μM) Fluconazole (mg/L) Farnesol (μM)

SC5314 (S) 0.5 > 300a 1 (0.5–1) 2.34 (1.17–300) 2.00 (1.00–2.5) Indifferent
1216 (S) 0.5 > 300a 1 (0.5–1) 2.34 (1.17–2.34) 2.00 (1.00–2.00) Indifferent
10431 (S) 0.5 > 300a 1 1.17 (1.17–2.34) 2.00 Indifferent
27700 (R) 16 > 300a 32 (16–32) 1.17 2.00 (1.00–2.00) Indifferent
21616 (R) 32 > 300a 64 1.17 2.00 Indifferent

a MIC is offscale at > 300 μM, 600 μM (one dilution higher than the highest tested concentration) was used for analysis
b Fractional Inhibitory Concentration Index

6.05. One-way ANOVA with Dunnett’s post-testing was 
used to analyse the biofilm mass and the reduction in met-
abolic activity caused by the drug alone and in combina-
tions compared with the drug-free control. Concentrations 
with and without farnesol were compared with each other us-
ing one-way ANOVA with Sidak’s post-testing. Significance 
was defined as P < 0.05.

In vivo model
BALB/c immunocompetent female mice (22–23 g) (Charles 
River) were used. The animals were maintained in accor-
dance with the Guidelines for the Care and Use of Labora-
tory Animals. The experiments were approved by the Animal 
Care Committee of the University of Debrecen, Debrecen, 
Hungary (permission no. 12/2014 DEMÁB).
  Mice were administered 50 μl subcutaneous estradiol-va-
lerat (10 mg/ml in sesame seed oil) three days prior to vaginal 
infection (Fidel et al., 2000; Hisajima et al., 2008; Kovács et 
al., 2014). In accordance with our preliminary experiments, 
animals were infected intravaginally with 1–1.2 × 107 CFU in 
25 μl physiological saline. Inoculum density was confirmed 
by plating serial dilutions on Sabouraud dextrose agar. Mice 
were divided into seven groups (10 mice per group); i) con-
trol; ii) 5 mg/kg/day; iii) 35 mg/kg fluconazole in a single dose; 
iv) 150 μM/day farnesol; v) 300 μM/day farnesol; 5 mg/kg/day 
fluconazole combined vi) with 150 μM/day farnesol and vii) 
with 300 μM/day farnesol. All regimens were started 24 h 
postinfection. Fluconazole doses were administered intra-
peritonally at a volume of 0.5 ml, while farnesol was given 
intravaginally at a volume of 25 μl one h after the fluconazole 
treatment. Farnesol was diluted in 0.25% Tween 80 solution. 
Control mice were given 0.5 ml physiological saline intra-

peritonally as well as 25 μl 0.25% Tween 80 solution with-
out farnesol intravaginally (Hisajima et al., 2008). At 4 days 
postinfection, mice were euthanized and their vaginae were 
excised, weighed and homogenized aseptically. Fungal tissue 
burden was determined by quantitative culturing. Vaginal 
burden was analyzed using Kruskal-Wallis test with Dunn’s 
post-test (GraphPad Prism 6.05.). Significance was defined 
as P < 0.05.

Results

MIC results for planktonic cells
The planktonic MIC values of fluconazole alone and com-
bined with farnesol are summarized in Table 1. Two out of 
four tested planktonic clinical isolates and the reference strain 
were susceptible to fluconazole according to CLSI break-
points. Isolates 27700 and 21616 were resistant (Pfaller et 
al., 2010). Farnesol had no effect alone regardless of the flu-
conazole susceptibility of planktonic isolates. The MICs of 
farnesol in combinations decreased, however it was primarily 
the effect of fluconazole that dominated in these combina-
tions (Table 1).

MIC results for biofilms
All tested isolates formed biofilm based on the crystal violet 
assay. The median values and ranges of MICs for sessile C. 
albicans cells are shown in Table 2. The MIC values of drugs 
varied more widely compared to planktonic cells. Farnesol 
caused a 2- to 64-fold decrease in the median fluconazole 
MICs against biofilms. Furthermore, median farnesol MIC 
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    (A)                                                                                                       (B)

    (C)                                                                                                       (D)

Fig. 1. In vitro efficacy of fluconazole with and without farnesol in time-kill experiments. The time-kill curves show the effect exerted by fluconazole alone 
and in combination with farnesol against three fluconazole-sensitive Candida albicans isolates (SC5314, 1216, 10431) (A, C) and against two resistant isolates 
(21616, 27700) (B, D). Plots A and B show changes in biofilm mass, plots C and D show changes in metabolic activity. All three fluconazole susceptible 
isolates behaved similarly, therefore the percentage averages of the three individual isolates are shown in the same time-kill plots, where each time point 
represents the mean ± SEM (standard error of mean). The two resistant isolates also showed similar results, and the plots are prepared as for the suscep-
tible isolates.

values exhibited 2- to 4-fold reduction in combination with 
fluconazole for sessile cells (Table 2).

Interactions between farnesol and fluconazole by FICI
The results of fluconazole-farnesol interaction based on FICI 
are summarized in Table 1 and Table 2 for planktonic and 
sessile cells, respectively. Only indifferent interactions were 
detected in the case of planktonic isolates (Table 1). For bio-
films, synergy between fluconazole and farnesol was observed 
only against the reference strain SC5314. Against other sessile 
clinical isolates, the interaction was indifferent, similarly to 
the findings with planktonic forms (Table 2). Antagonism 
was never observed (FICIs < 4) (Tables 1 and 2).

Time-kill results with biofilm mass
Interactions as tested by time-kill investigations are shown 

in Fig. 1. Only the highest tested fluconazole concentration 
without farnesol (512 mg/L) decreased the biofilm mass of 
fluconazole sensitive cells significantly between 3 and 24 h, 
as compared to the control biofilms (P < 0.05–0.01) (Fig. 1A). 
Among the combinations, the 512 mg/L fluconazole com-
bined with 75 μM farnesol showed a significant reduction in 
biofilm formation against all sensitive C. albicans isolates at 
each tested time point (P < 0.05–0.001). There were no sig-
nificant differences between the given concentrations alone 
and the combinations (0.5 mg/L vs. 0.5 mg/L + 75 μM, etc.) 
(P > 0.05) (Fig. 1A). Against resistant isolates, only 512 mg/L 
alone as well as in combination with 75 μM farnesol decreased 
the biofilm mass significantly between 3 and 24 h as com-
pared to the control curve (P < 0.05–0.001). At 24 h, fluco-
nazole alone and the corresponding combination with far-
nesol always showed statistically comparable efficacy for all 
tested concentrations (P > 0.05) (Fig. 1B).
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  (A)                                                                                                                (B)

  (C)                                                                                                                (D)

Fig. 2. In vivo efficacy of fluconazole with and without farnesol using mouse vulvovaginitis model. Vaginal tissue burden of BALB/c mice infected intra-
vaginally by fluconazole-susceptible Candida albicans 1216 (A), Candida albicans 10431 (B), and fluconazole-resistant Candida albicans 21616 (C), and 
Candida albicans 27700 (D) isolates. The bars represent the mean ± SEM (standard error of mean). Level of statistical significance is indicated at P < 0.05 
(*), P < 0.01 (**), and P < 0.001 (***).

Time-kill results for metabolic activity
Concentration- and time-dependent action of the drugs on 
the metabolic activity of biofilms was observed for all three 
fluconazole-sensitive C. albicans isolates (Fig. 1C). Significant 
reduction was observed for all tested fluconazole concen-
trations (alone and in combination) at 24 h compared with 
the control curve (P < 0.01–0.001), while 512 mg/L flucona-
zole + 75 μM farnesol was effective even at 6 h (P < 0.05) 
(Fig. 1C). There were no significant differences between the 
given concentrations alone and the corresponding combi-
nations (0.5 mg/L vs. 0.5 mg/L+75 μM, etc.) (P > 0.05) (Fig. 
1C).
  In the case of resistant isolates, a marked reduction in meta-
bolic activity was observed at 6 h for all tested fluconazole 
concentrations (P < 0.001) (Fig. 1D). After this initial drop, 

metabolic activity showed transitional increase between 6 
and 12 h, but at 24 h significantly reduced metabolic activity 
was observed for treated cells compared to the control bio-
film for all concentrations (P < 0.001). At 24 h, only the 256 
mg/L + 75 μM caused significantly higher reduction in meta-
bolic activity compared to the corresponding concentration 
alone (256 mg/L) (P > 0.001) (Fig. 1D).

In vivo experiments
Results of the in vivo experiments are shown in Fig. 2. Against 
both fluconazole-susceptible C. albicans clinical isolates (1216, 
10431), 5 mg/kg/day and the single dose of 35 mg/kg proved 
to be able to decrease the vaginal fungal burden significantly 
(P < 0.05–0.001). Furthermore, the regimens 5 mg/kg/day 
with 150 μM/day and 300 μM/day farnesol were also effec-
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tive as compared to control mice (P < 0.05–0.001). Neither 
farnesol doses were effective alone compared to untreated 
mice (P > 0.05) (Fig. 2A and B). Effective treatment arms 
were statistically comparable (P > 0.05).
  Against the fluconazole-resistant isolate 21616, the regimen 
of 5 mg/kg/day fluconazole was ineffective, but when com-
bined with farnesol it reduced vaginal burdens significantly, 
regardless of farnesol dose (P < 0.05–0.01). The higher flu-
conazole dose (35 mg/kg mouse dose, approximately corre-
sponding to the normal human dose of 150 mg based on 24h- 
AUC) was effective alone (Louie et al., 1999). In summary, 
farnesol enhanced the in vivo efficacy of 5 mg/kg/day flu-
conazole. Nevertheless, in multiple comparisons none of the 
combinations were superior to the single dose of 35 mg/kg 
fluconazole (P > 0.05) (Fig. 2C).
  Against the fluconazole-resistant 27700 C. albicans isolate, 
none of the regimens were effective (P > 0.05) (Fig. 2D). The 
reference strain SC5314 produced vaginal burdens in control 
mice 3-log lower than the infective dose, suggesting that the 
strain had low vaginal virulence, which precluded compar-
ability to the clinical isolates.

Discussion

The medical importance of biofilms formed on biotic sur-
faces has become increasingly evident (Harriott et al., 2010; 
Ganguly et al., 2011). Poor activity of azoles against fungal 
biofilms is a well-known phenomenon, which may decrease 
efficacy of azole treatment (Pierce et al., 2013). Previous stu-
dies described that farnesol shows in vitro synergistic inter-
action with different azoles against C. albicans. Cordeiro et 
al. (2013) observed synergism between fluconazole and far-
nesol in the case of planktonic fluconazole-resistant C. albi-
cans isolates (FICI: 0.015–0.374). Sharma and Prasad (2011) 
observed that farnesol showed in vitro synergism in combi-
nation with fluconazole, itraconazole, and miconazole against 
azole-sensitive as well as against azole-resistant planktonic 
C. albicans isolates, including the reference strain SC5314. 
Katragkou et al. (2015) reported synergistic interaction be-
tween fluconazole and farnesol using FICI and the Bliss in-
dependence model against the biofilm of C. albicans SC5314. 
It is noteworthy, however, that the mean of ΣFICs measured 
against C. albicans SC5314 was very close to the indifference 
threshold (mean ΣFIC: 0.5 ± 0.02) (Katragkou et al., 2015). 
In contrast to data of Cordeiro et al. (2013) and Sharma and 
Prasad (2011), the present study demonstrates indifferent 
interaction for all tested planktonic isolates, including the 
same reference strain (SC5314) used by Katragkou et al. 
(2015) in their biofilm-based study. As inhibition of C. albi-
cans by fluconazole was shown to induce elevated (up to ten-
fold) endogenous farnesol production (Hornby et al., 2004) 
that may explain the variations in the interactions between 
fluconazole and farnesol in vitro which were reported by the 
authors cited above (Sharma and Prasad, 2011; Cordeiro et 
al., 2013). However, the present study, similarly to the find-
ings of Katragkou et al. (2015), reports in vitro synergistic in-
teraction against sessile SC5314 as shown by FICI. Notably, 
this was never observed against biofilms formed by clinical 
isolates, where only indifferent interactions were detected.

  In the case of sessile azole-resistant isolate 27700, checker-
board microdilution revealed paradoxically enhanced met-
abolic activity with high fluconazole and farnesol concen-
trations as compared to control wells. It was reported pre-
viously that exogenous farnesol exposure may up-regulate 
genes of the central carbon-metabolic pathways including 
glycolysis, gluconeogenesis, acetyl-CoA pathway, nitrogen 
metabolism and amino acid biosynthesis, which may explain 
the observed paradoxical enhancement of metabolic activity 
(Han et al., 2012). Presumably, this phenomenon occurred 
in time-kill experiments with the resistant isolates (21616, 
27700) accounting for the transitionally increased metabolic 
activity observed between 6–12 h.
  The in vivo effect of farnesol has received much attention 
recently, but the issue is strongly controversial. The earliest 
study by Navarathna et al. (2007) concluded that farnesol 
production may act as a virulence factor, as exogenous farne-
sol (20 mM/mouse) enhanced the mortality in intravenously 
challenged mice for both intraperitoneal and oral farnesol 
administration. These data suggest that farnesol may play a 
key role in fungal pathogenesis. In contrast, Hisajima et al. 
(2008) described a protective effect of farnesol (9 μM/mouse) 
against oral mucosal candidiasis in a mouse model. They 
noticed systemic effects in farnesol-treated mice as well (i.e. 
moderate bodyweight reduction and smaller number of C. 
albicans cells in faeces). Notably, there was a thousand-fold 
difference between the doses exerting enhancer (20 mM) and 
protective (9 μM) effects. A similar protective effect of a cock-
tail of Candida regulatory alcohols (containing nanomolar 
amounts of farnesol) was reported by Martins et al. (2012) 
in a murine model of disseminated candidiasis.
  In our experiments, the mean vaginal burden of control mice 
on day four postinoculation is consistent with values from 
previous studies (González et al., 2007; Elizondo-Zertuche 
et al., 2015). Based on our in vivo findings, neither 150 μM 
nor 300 μM farnesol alone had a protective effect against va-
ginal Candida infection, in contrast to the findings of Hisa-
jima et al. (2008).
  However, against the fluconazole-resistant isolate 21616, 
both farnesol regimens administered enhanced the activity 
of 5 mg/kg daily fluconazole significantly as compared to 
the untreated control mice. Previously, similar reversal of re-
sistance was observed in vitro in planktonic cells (Jabra-Rizk 
et al., 2006; Cordeiro et al., 2013). Nevertheless, the clinical 
importance of farnesol as a potential adjuvant remains ques-
tionable (21616 was the only isolate in this study where far-
nesol was able to enhance the in vivo activity of fluconazole 
and the effect was relatively small) and seems to be confined 
to fluconazole-resistant isolates. Furthermore, this resistance 
reversal may be restricted to some but not all azole-resistant 
strains.
  The only fluconazole-susceptible wild-type isolate against 
which farnesol enhances the in vitro activity of fluconazole 
consistently is the reference strain SC5314. This in vitro 
synergy reported by Sharma and Prasad (2011) in the plank-
tonic phase and Katragkou et al. (2015) in the case of ses-
sile cells as well as by the present study seems to be an excep-
tional characteristic of the reference strain SC5314 rather 
than a rule applicable to many or all clinical isolates.
  In summary, this is the first study to our knowledge that ex-
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amines the effect of farnesol alone and in combination with 
fluconazole in vivo. This work documented that vaginal ad-
ministration of farnesol alone did not have protective effect 
in murine vulvovaginitis and it did not consistently enhance 
the effect of fluconazole either in vitro or in vivo against C. 
albicans clinical isolates. This indicates that in vitro find-
ings are not directly applicable for predicting in vivo utility of 
farnesol as adjuvant; further in vivo experiments are needed 
to clarify the effect of farnesol in different types of Candida 
infection or against different species.

Conflicts of Interest

L. Majoros received conference travel grants from MSD, 
Astellas, and Pfizer. All other authors report no conflicts of 
interest.

Acknowledgements

R. Kovács supported by the TÁMOP 4.2.4 A/2-11-1-2012- 
0001 National Excellence Program-Elaborating and operat-
ing an inland student and researcher personal support system. 
The project was subsidized by European Union and co-fi-
nanced by the European Social Fund.

References

Clinical and Laboratory Standards Institute. 2008. Reference me-
thod for broth dilution antifungal susceptibility testing of yeasts. 
Approved standard, 3rd ed. M27-A3. Clinical and Laboratory 
Standards Institute, Wayne, PA, USA.

Cordeiro, R.A., Teixeira, C.E., Brilhante, R.S., Castelo-Branco, D.S., 
Paiva, M.A., Giffoni Leite, J.J., Lima, D.T., Monteiro, A.J., Sidrim, 
J.J., and Rocha, M.F. 2013. Minimum inhibitory concentrations 
of amphotericin B, azoles and caspofungin against Candida spe-
cies are reduced by farnesol. Med. Mycol. 51, 53–59.

De Cremer, K., Staes, I., Delattin, N., Cammue, B.P., Thevissen, K., 
and De Brucker, K. 2015. Combinatorial drug approaches to 
tackle Candida albicans biofilms. Expert Rev. Anti Infect. Ther. 
13, 973–984.

Elizondo-Zertuche, M., Robledo-Leal, E., González, J.G., Ceceñas, 
L.A., and González, G.M. 2015. Efficacy of ravuconazole in a 
murine model of vaginitis by Candida albicans. Rev. Iberoam. 
Micol. 32, 30–33.

Fidel, P.L.Jr., Cutright, J., and Steele, C. 2000. Effects of reproductive 
hormones on experimental vaginal candidiasis. Infect. Immun. 
68, 651–657.

Ganguly, S. and Mitchell, A.P. 2011. Mucosal biofilms of Candida 
albicans. Curr. Opin. Microbiol. 14, 380–385.

González, G.M., Robledo, E., Saldívar, D., González, G., Bosques, F., 
and Garza, E. 2007. Therapeutic efficacy of posaconazole against 
isolates of Candida albicans with different susceptibilities to flu-
conazole in a vaginal model. Med. Mycol. 45, 221–224.

Han, T.L., Cannon, R.D., and Villas-Bôas, S.G. 2012. The metabolic 
response of Candida albicans to farnesol under hyphae-inducing 
conditions. FEMS Yeast Res. 12, 879–889.

Harriott, M.M., Lilly, E.A., Rodriguez, T.E., Fidel, P.L.Jr., and Noverr, 
M.C. 2010. Candida albicans forms biofilms on the vaginal mucosa. 
Microbiology 156, 3635–3644.

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.

Hisajima, T., Maruyama, N., Tanabe, Y., Ishibashi, H., Yamada, T., 
Makimura, K., Nishiyama, Y., Funakoshi, K., Oshima, H., and Abe, 
S. 2008. Protective effects of farnesol against oral candidiasis in 
mice. Microbiol. Immunol. 52, 327–333.

Hornby, J.M., Jensen, E.C., Lisec, A.D., Tasto, J.J., Jahnke, B., Shoe-
maker, R., Dussault, P., and Nickerson, K.W. 2001. Quorum sen-
sing in the dimorphic fungus Candida albicans is mediated by 
farnesol. Appl. Environ. Microbiol. 67, 2982–2992.

Hornby, J.M. and Nickerson, K.W. 2004. Enhanced production of 
farnesol by Candida albicans treated with four azoles. Antimicrob. 
Agents Chemother. 48, 2305–2307.

Jabra-Rizk, M.A., Shirtliff, M., James, C., and Meiller, T. 2006. Effect 
of farnesol on Candida dubliniensis biofilm formation and flu-
conazole resistance. FEMS Yeast Res. 6, 1063–1073.

Katragkou, A., McCarthy, M., Alexander, E.L., Antachopoulos, C., 
Meletiadis, J., Jabra-Rizk, M.A., Petraitis, V., Roilides, E., and 
Walsh, T.J. 2015. In vitro interactions between farnesol and flu-
conazole, amphotericin B or micafungin against Candida albi-
cans biofilms. J. Antimicrob. Chemother. 70, 470–478.

Kovács, R., Bozó, A., Gesztelyi, R., Domán, M., Kardos, G., Nagy, F., 
Tóth, Z., Majoros, L. 2016. Effect of caspofungin and micafungin 
in combination with farnesol against Candida parapsilosis bio-
films. Int. J. Antimicrob. Agents 47, 304–310.

Kovács, R., Czudar, A., Horváth, L., Szakács, L., Majoros, L., and 
Kónya, J. 2014. Serum interleukin-6 levels in murine models of 
Candida albicans infection. Acta Microbiol. Immunol. Hung. 61, 
61–69.

Langford, M.L., Atkin, A.L., and Nickerson, K.W. 2009. Cellular in-
teractions of farnesol, a quorum-sensing molecule produced by 
Candida albicans. Future Microbiol. 4, 1353–1362.

Louie, A., Banerjee, P., Drusano, G.L., Shayegani, M., and Miller, 
M.H. 1999. Interaction between fluconazole and amphotericin B 
in mice with systemic infection due to fluconazole-susceptible 
or -resistant strains of Candida albicans. Antimicrob. Agents Che-
mother. 43, 2841–2847.

Martins, M., Lazzell, A.L., Lopez-Ribot, J.L., Henriques, M., and Oli-
veira, R. 2012. Effect of exogenous administration of Candida 
albicans autoregulatory alcohols in a murine model of hemato-
genously disseminated candidiasis. J. Basic Microbiol. 52, 487– 
491.

Meletiadis, J., Verweij, P.E., TeDorsthorst, D.T., Meis, J.F., and Mou-
ton, J.W. 2005. Assessing in vitro combinations of antifungal 
drugs against yeasts and filamentous fungi: comparison of dif-
ferent drug interaction models. Med. Mycol. 43, 133–152.

Navarathna, D.H., Hornby, J.M., Krishnan, N., Parkhurst, A., Du-
hamel, G.E., and Nickerson, K.W. 2007. Effect of farnesol on a 
mouse model of systemic candidiasis, determined by use of a 
DPP3 knockout mutant of Candida albicans. Infect. Immun. 75, 
1609–1618.

O’Toole, G.A. 2011. Microtiter dish biofilm formation assay. J. Vis. 
Exp. 47, pii: 2437.

Pfaller, M.A., Andes, D., Diekema, D.J., Espinel-Ingroff, A., Sheehan, 
D., and CLSI Subcommittee for Antifungal Susceptibility Testing. 
2010. Wild-type MIC distributions, epidemiological cutoff val-
ues and species-specific clinical breakpoints for fluconazole and 
Candida: time for harmonization of CLSI and EUCAST broth 
microdilution methods. Drug Resist. Updat. 13, 180–195.

Pierce, C.G., Srinivasan, A., Uppuluri, P., Ramasubramanian, A.K., 
and López-Ribot, J.L. 2013. Antifungal therapy with an emphasis 
on biofilms. Curr. Opin. Pharmacol. 13, 726–730.

Pierce, C.G., Uppuluri, P., Tristan, A.R., Wormley, F.L.Jr., Mowat, 
E., Ramage, G., and Lopez-Ribot, J.L. 2008. A simple and repro-
ducible 96-well plate-based method for the formation of fungal 
biofilms and its application to antifungal susceptibility testing. 



760 Bozó et al.

Nat. Protoc. 3, 1494–1500.
Ramage, G., Saville, S.P., Wickes, B.L., and López-Ribot, J.L. 2002. 

Inhibition of Candida albicans biofilm formation by farnesol, a 
quorum-sensing molecule. Appl. Environ. Microbiol. 68, 5459– 
5463.

Sharma, M. and Prasad, R. 2011. The quorum-sensing molecule 
farnesol is a modulator of drug efflux mediated by ABC multi-
drug transporters and synergizes with drugs in Candida albicans. 
Antimicrob. Agents Chemother. 55, 4834–4843.

Uppuluri, P., Chaturvedi, A.K., Srinivasan, A., Banerjee, M., Rama-
subramaniam, A.K., Köhler, J.R., Kadosh, D., and Lopez-Ribot, 
J.L. 2010. Dispersion as an important step in the Candida albi-
cans biofilm developmental cycle. PLoS Pathog. 6, e1000828.

Zhou, Y., Wang, G., Li, Y., Liu, Y., Song, Y., Zheng, W., Zhang, N., 
Hu, X., Yan, S., and Jia J. 2012. In vitro interactions between as-
pirin and amphotericin B against planktonic cells and biofilm 
cells of Candida albicans and C. parapsilosis. Antimicrob. Agents 
Chemother. 56, 3250–3260.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 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
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


