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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 uM
for fluconazole and farnesol, respectively. These values were
512 -> 512 mg/L and > 300 puM 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 uM 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.
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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 uM), 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



BN /54 Bozbetal

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 puM 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 x
10° 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% x (Awell - Abackground)/(Adrug-ﬁree well —
Apackground). 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 ul 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 ul physiological saline to remove excess crys-
tal violet completely. Afterwards 125 ul 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 ul supernatant was transferred to a new 96-well
plate and read spectrophotometrically at 540 nm. Blank
wells contained 100 pl 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 uM 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 ul sterile physiologi-
cal saline. All wells, including the blank ones, were filled with
100 pl of 0.5 g/L XTT/1 uM menadione solution. The plates
were covered with aluminium foil and incubated at 37°C for
2 h. After incubation, 80 pl 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 XFIC = FICA + FICB =
MICAcomb/MICAalone + MICBcomb/MICBalone) where MICAalone)
and MIC3"™™ are the MIC values of agents A and B used
alone and MIC,“™ and MICs™™ are the MICs of agents
A and B at the isoeffective combinations, respectively. FICI
was defined as the lowest XFIC. 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; Kovacs 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; Kovacs 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 uM 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 pM farnesol against the two resistant
strains. The farnesol concentration of 75 uM 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 1. Minimum inhibitory concentrations (MICs) of fluconazole alone and in combination with farnesol against fluconazole sensitive (S) and resistant

(R) Candida albicans planktonic cells

Median MIC (range) of drug used

Isolate Alone In combination FICT® Interaction
Fluconazole (mg/L) Farnesol (uM) Fluconazole (mg/L) Farnesol (uM)

SC5314 (S) 0.5 > 300° 1(0.5-1) 2.34 (1.17-300) 2.00 (1.00-2.5) Indifferent

1216 (S) 0.5 > 300° 1(0.5-1) 2.34 (1.17-2.34) 2.00 (1.00-2.00) Indifferent

10431 (S) 0.5 > 300° 1 1.17 (1.17-2.34) 2.00 Indifferent

27700 (R) 16 > 300° 32 (16-32) 1.17 2.00 (1.00-2.00) Indifferent

21616 (R) 32 > 300° 64 1.17 2.00 Indifferent

MIC is offscale at > 300 uM, 600 uM (one dilution higher than the highest tested concentration) was used for analysis

® 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 DEMAB).

Mice were administered 50 pl 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; Kovacs et
al., 2014). In accordance with our preliminary experlments,
animals were infected intravaginally with 1-1.2 x 10" CFU in
25 pl 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 uM/day farnesol; v) 300 uM/day farnesol; 5 mg/kg/day
fluconazole combined vi) with 150 uM/day farnesol and vii)
with 300 uM/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 pl 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 pl 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

Table 2. Minimum inhibitory concentrations (MICs) of fluconazole alone and in combination with farnesol against fluconazole sensitive (S) and resistant

(R) Candida albicans biofilms

Median MIC (range) of drug used

Isolate Alone In combination FICI Interaction
Fluconazole (mg/L) Farnesol (uM) Fluconazole (mg/L) Farnesol (uM)

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) >512° 150 512 37.5 0.75 Indifferent

27700 (R) 512 > 300b 256 300 1 Indifferent

21616 (R) >512° > 300° 256 300 0.75 Indifferent

MIC is offscale at > 512 mg/L, 1024 mg/L (one dilution higher than the highest tested concentration) was used for analysis
® MIC is offscale at > 300 M, 600 uM (one dilution higher than the highest tested concentration) was used for analysis

¢ Fractional Inhibitory Concentration Index
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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
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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 uM 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 uM, etc.)
(P> 0.05) (Fig. 1A). Against resistant isolates, only 512 mg/L
alone as well as in combination with 75 pM 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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Fig. 1. In vitro efficacy of fluconazole with and without farnesol in time-kill experiments. The time-Kkill 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.



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 uM 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 uM, 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,
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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 pM 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 uM/day and 300 uM/day farnesol were also effec-

(A) 1094 st * ek dedeR (B) 109 * * ek *
o 1084 o 1084
3 = LR
o 1074 @ 107 2we— L b
£ lue . ae e £ e = :
—_— 6 —_ 6.
S 10 e . " . - S 10 . J:".T —?@— LYY o.-' . ?.El%'
S 10 Fe e - Vo & 10 o te =
(] ° * (] b4 ™
E, 10 . S P E” 1044 . e
L]
S 0 o 2 10 o®
2 1024 . .e = 1024
10! T T T T T T T 101 T T T T T 1
\‘:0\ N nd ‘??- Vg_ «° N s ?g- ?g- yg_ vg'
& & . PN S Cull S
o & &oo .@\‘\" “\@;o \‘\\5’0 @\t{b cgb’rb &OQ é\\b"” & “\\b@ &
@é* & NS N S @&* & oY Y & @
“ ﬂﬁ”& LN 5 o G ' ng:“\ N 3 N N
NI .
&b'?’ e}&b C}bra— c}bﬁ
[ 6@1- &\{- éé&-
b@ o) ) o)
(C) 10% * *k * (D) 10°,
o 1084 © 1084 . Gin
vl - 7| ® [y 'Y L)
2 w0 4@_. opee WP 225 e o B 10 et Laa St age o tdi—.... =
= = o__o g = . ® :.
= 10°4 = 10°4 L] ]
5 6. [ < .. L) . —?.!— . o) 6. L] L]
= [ ] ] c
@ 105_ - [ ] c6“.1 105_
; 10 . ; 104
D 10 o105
© e O e
10° T ‘ 10 T T
a{\o\ N QX QVQ- Q?‘ (\\‘o N & Q‘?g- ((v?‘ Yg- Yg-
& < et & bd <
ey & & & & ) ) o & & 3 & B )
& & A e A 2D & & A\ A D 2\
\*-& & ~§‘\ \‘5‘\ Sy ¥ © \§\\ ~§§ S S
e 3 SRS ST & ¢ & S &
A é,)é‘ N 5 I D o rbbé‘ N 5 N 5
O
o < & <
éb’b.\ &b’s\ c}b@ &brg\
é‘{- @g‘k— N {c&b
o ® & o

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 (***).
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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 XFICs measured
against C. albicans SC5314 was very close to the indifference
threshold (mean X£FIC: 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 uM/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 uM) 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 (Gonzalez et al., 2007; Elizondo-Zertuche
et al., 2015). Based on our in vivo findings, neither 150 uM
nor 300 uM 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-



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.
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