Accepted Manuscript

The antioxidant activity of a prenyl flavonoid alters its antifungal toxicity on Candida
albicans biofilms

Mariana Andrea Peralta, Maria Gabriela Ortega, José Luis Cabrera, Maria Gabriela
Paraje

PII: S0278-6915(18)30113-3
DOI: 10.1016/j.fct.2018.02.042
Reference: FCT 9613

To appearin:  Food and Chemical Toxicology

Received Date: 30 November 2017
Revised Date: 14 February 2018
Accepted Date: 16 February 2018

“* Food and
Chemical
Toxicology §=:=

Fod and hemic Torclogy

Please cite this article as: Peralta, M.A., Ortega, Mari.Gabriela., Cabrera, José.Luis., Paraje,
Mari.Gabriela., The antioxidant activity of a prenyl flavonoid alters its antifungal toxicity on Candida
albicans biofilms, Food and Chemical Toxicology (2018), doi: 10.1016/j.fct.2018.02.042.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all

legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.fct.2018.02.042

Candida albicans Prenyl flavonoid 8PP
biofilms

O ‘ o
| N
OH O

FRAP/BBU

Antifungal toxicity

(prooxidant/antioxidant dual action)

3000

2500

2000

1500

1000

500

0

2.5

2

I
it

1.5

BBU

1

0.5

0
1000 8PP (pM)

[ 1BBU SCa mmmm BBU RCa




TITLE:
Theantioxidant activity of a prenyl flavonoid altersits antifungal toxicity on

Candida albicans biofilms

AUTHORS: Mariana Andrea PeraftaMaria Gabriela Orte§aJosé Luis CabretaMaria

Gabriela Paraj®

INSTITUTION:

& Universidad Nacional de Cérdoba (UNC), FacultacCamcias Quimicas, Departamento
de Ciencias Farmacéuticas. Consejo Nacional desfigaeiones Cientificas y Técnicas
(CONICET); Instituto Multidisciplinario de Biologigegetal (IMBIV). Haya de la Torre y
Medina Allende, 5000. Cordoba, Argentina.

P Universidad Nacional de Cérdoba (UNC), FacultacCicias Exactas Fisicas y
Naturales, Céatedra de Microbiologia. Consejo Naide Investigaciones Cientificas y
Técnicas (CONICET); Instituto Multidisciplinario d&ologia Vegetal (IMBIV). Av. Vélez

Sarsfield 299, Cordoba, Argentina.

* CORRESPONDING AUTHOR:

Cétedra de Microbiologia, Facultad de Ciencias &sEisicas y Naturales,
Universidad Nacional de Cordoba, Av. Vélez Sardf9d9, Cordoba (5000), Argentina.

Tel: +54 351 5353800 int. 29731 Fax: +54 351 %832

e-mail: gparaje@unc.edu.ar or gabrielaparaje @ groail.



Graphical abstract

Candida albicans Prenyl flavonoid 8PP Antifungal toxicity
biofilms (prooxidant/antioxidant dual action)
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Highlights

The antioxidant effect of 2',4'-dihydroxy-5'-(1"",1""-dimethylallyl)-8-

prenylpinocembrin (8PP) was studied.

- 8PP displayed concentration-dependent antifundgalitgoon C. albicans
biofilms, with dual prooxidant-antioxidant effect.

- The antioxidant effect, at high concentrations, wasnly mediated by the
action of non-enzymatic system.

- At high concentrations, biofilms were more compaith little voids, pores and
channels.

- Architecture and surface topography showing diffegffusion distances could

change the flow inside of biofilms.




Abstract

The antioxidant effect of 8PP, a prenylflavonoidnfrDalea elegans on Candida
albicans biofilms, was investigated. We previously reportieat sensitive (SCa) and
resistantC. albicans (RCa) biofilms were strongly inhibited by this cpaund, in a dose-
depending manner (50 uM-100 uM), with a prooxid=fect leading to accumulation of
endogenous oxidative metabolites and increasedxadint defenses. In this work, the
antifungal activity of high concentrations of SEP®@-1000 uM), the cellular stress
imbalance and the architecture of biofilms werdatad. Biofilms were studied by crystal
violet and confocal scanning laser microscopy (C$uMh COMSTAT analysis.
Superoxide anion radical, the activity of the sopé&te dismutase and the total antioxidant
capacity were measured. Intracellular ROS werectkdeby a DCFH-DA and visualized
by CSLM,; reactive nitrogen intermediates by Griess.

An antioxidant effect was detected at 1000 uM avetls of oxidant metabolites
remained low, with major changes in the SCa. COM¥% 8Aalysis showed that biofilms
treated with higher concentrations exhibited déferdiffusion distances with altered
topographic surface architectures, voids, charergdspores that could change the flow
inside the matrix of biofilms. We demonstrate fiostftime, a concentration-dependent

antioxidant action of 8PP, which can alter its famtgal activity on biofilms.

Keywords: Dalea elegans; prenyl flavonoidCandida albicans biofilms;

prooxidant/antioxidant actioffiree radicals; confocal scanning laser microscopy.
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Abbreviations:

2, 4'-dihydroxy-5’-(1"", 1'"-dimethylallyl)-8-pre nylpinocembrin (8PP)
2', 7’-dichlorodihydrofluorescein diacetate (DCFH-DA
Acquired immunodeficiency syndrome (AIDS)
Biofilm Biomass Unit (BBU)

Candida albicans strain azole-resistant (RCa)
Candida albicans strain fluconazole sensitive (SCa)
Confocal scanning laser microscopy (CSLM)

Colony forming units (CFU)

Crystal violet (CV)

Dimethyl sulfoxide (DMSO)

Ferrous reduction antioxidant potency assay (FRAP)
Fetal bovine serum (FBS)

Hydrogen peroxide ($O)

Hydroxyl radical (OH)

Nitric oxide (NO)

Nitro blue tetrazolium (NBT)

Optical density (OD)

Phosphate-buffered saline (PBS)

Reactive nitrogen intermediates (RNI)

Reactive oxygen species (ROS)

Sabouraud dextrose broth (SDB)



Sabouraud dextrose agar (SDA)
Sessile minimum inhibitory concentration 80 (SMIQ) 8
Superoxide dismutase (SOD)

Superoxide anion radical (O



1. Introduction

Reactive oxygen species (ROS) are generated cownshuduring aerobic
metabolism. The mitochondrial electron transpodichs the main source of ATP and is
capable of generating ROS. The term ROS includdsgily reactive and unstable
metabolites of molecular oxygen such as supercaiden radical (@), hydroxyl radical
(OH), alkyl peroxyl free radicals (RODand non-radical molecules like hydrogen
peroxide (HO,) (Krumova and Cosa, 2016). The first step in R@&luction is the
reduction of molecular oxygen {2to O, . Even though @' is not a strong oxidant, it is a
precursor of most other ROS, and it becomes inbinghe propagation of oxidative chain
reactions. In addition, Omay react with other radicals including nitric oiNO) in a
reaction controlled by the rate of diffusion of bhoadicals (Beckhauser et al., 2016).

To ensure a proper balance of ROS, cells are egdipith intracellular antioxidant
system and, if the level of ROS exceeds the inlitdae defenses, homeostasis is altered.
Their accumulation can lead to damage, such aeiprotoss-linking leading to protein
inactivation, protein and lipid oxidation, breakagféDNA strands and cell death (Baronetti
et al., 2011; Dickinson and Chang, 2011). The ptote mechanisms either scavenge or
detoxify ROS and include enzymatic and non-enzyeraattioxidant defenses. Among the
endogenous antioxidant systems, the superoxideutbs®m (SOD) enzyme is the first line
of defense (Dantas et al., 2015).

Candida albicans is one of the most important fungal species caudisease in
humans, especially in immunocompromised individsailsh as those with
immunosuppressive therapies, acquired immunodafigisyndrome (AIDS), and patients
with implanted medical devices (Kullberg et al.020Nobile and Johnson, 2018).

albicans biofilms are intrinsically resistant to conventmantifungal therapeutics and
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confer protection from host immune defenses, whany important clinical repercussions
(Hirota et al., 2016). The inherent resistanc€.adlbicans biofilms to antifungal agents is
due to the presence of the extracellular matrigs@nce of recalcitrant persisters cells and
upregulation of efflux pumps, between other factbr<. albicans, two major classes of
efflux pumps modulate drug exportation: the ATPelug cassette transporter superfamily
(includingCDR1 andCDR?2) and the major facilitator class (includiMpPR1) (Ramage et
al., 2002). Currently, there are only few antimycgtsuch as azoles (miconazole),
polyenes (amphotericin B) and echinocandins whietaiso effective against biofilms;
interestingly, all increase ROS in fungal planktoand sessile cells (Delatehal., 2014).

Flavonoids have been widely investigated as ardemds that prevent injury caused
by free radicals by different mechanisms includilirgct scavenging of ROS and activation
of antioxidant enzymes, among others (Prochazlehd., 2011). Flavonoids are able to
scavenge free radicals directly, resulting in threation of a free radical phenoxyl by
donating hydrogen, stabilized by delocalizationha&f unpaired electron in the aromatic
ring (Valko et al., 2007).

Prenyl flavonoids are structures having substitsémmed by chains of five, ten or
fifteen carbon atoms (C5, C10 or C15), with a ugred structural arrangements linked to
different positions in flavonoids rings (Rice-Evaisal., 1996). These compounds display
a series of interesting biological activities dagfte substitution of the flavonoid ring
system with prenyl groups; these structural featimereases the lipophilicity and confer to
the molecule a strong affinity to biological memiea (Chen et al., 2014; Yang et al.,
2015).

In previous articles, we reported the antimicrobietivity of a prenylated flavanone

2', 4-dihydroxy-5’-(1"", 1'"-dimethylallyl)-8-pr enylpinocembrin (8PP) (Orteget al.,
7



1996; Pérez et al., 2003) and demonstrated itscitgda inhibit an azole resista@t

albicans strain (RCa) which presents an overexpressiorDRTC CDR2 and MDR1 genes
(Peralta et al., 2012). Recently we informed theghaofilm action of this compound against
RCa and described th@t albicans biofilms were strongly inhibited by 8PP in
concentration-dependent with a sessile minimunbiidry concentration 80 (SMIC 80) at
100 uM concentration. We demonstrated that tHealeelstress affected biofilm growth,
through an accumulation of endogenous ROS andiveattrogen intermediates (RNI)
that can induce an adaptive response based omi@age in antioxidant defenses (Peralta
et al., 2015). Besides, the antioxidant activitgBP was also investigated demonstrating
that this compound inhibited the enzymatic lipidgedation, exhibited scavenging and
antioxidant activity in rat liver microsomes (Elioig et al., 2008).

The aim of this work was to investigate the antiaxit activity of 8PP, and whether
this effect alters its antifungal activity on séssiells and the architecture and surface
topography of the biofilms in antioxidant redoxtsta Thus, cellular stress metabolites, the
enzymatic and no-enzymatic antioxidant responses stedied in sessile cells ©f
albicans biofilms in fluconazole sensitive (SCa) and RGaiss at high concentrations of
8PP. This is the first study that correlates thgfangal activity of 8PP with the redox
imbalance provoked in dose-dependent maandrthe architecture alteration inside of

biofilms.

2. Material and methods
2.1. Reagents
Yeast Peptone Dextrose broth (1% yeast extracp@dtone, 2% dextrose);

Sabouraud dextrose agar (SDA) and Sabouraud dextroth (SDB) (Difco). Fetal Bovine
8



Serum (FBS, Greiner Bio-One). Phosphate Buffer 8ol (PBS) and dimethyl sulfoxide
(DMSO, Merck). Fluconazole; Calcofluor-White and-2lichlorofluorescein diacetate
(DCFH-DA- Molecular Probes, Nitro Blue Tetrazoli(idBT); NaNG, and 2,4,6-
tripyridyl-s-triazine (Sigma-Aldrich). FegbH,O and FeSQ(Cicarelli); Crystal Violet
(CV), sulfanilamide; HCI; ethanol; glacial acetcared HO, (Anedra). The solvents were
distilled before use. Distilled or ultrapure wateas used when was necessary.

2.2. Plant material, extraction and isolation

Dalea elegans was collected in province of Cérdoba, Argentin®@8=oordinates:
latitude: 31° 24" 04.62" south; longitude: 64° 34.21" west; height: 763 m). A
representative voucher specimen is on deposit &OCPeralta 2 in the herbarium at the
Botanical Museum (UNC, Argentina).

The prenyl flavanone 8PP (Fig. 1S) was purifiedrfr@ots ofD. elegans (Cafaratti
et al., 1994) and its structure was characterizechéans of spectroscopic and
spectrophotometric methods and comparison witldéte previously reported (Peralta et
al., 2014). The purity of 8PP was determined as 8§%igh performance liquid
chromatography according to Peralta et al. (2015).

2.3. Fungal strains and growth conditions

Two well-characterized strains 6f albicans were isolated from the oral cavity of
immunocompromised hosts (AIDS). The RCa (12-99yexgresses the transporter genes
CDR1, CDR2 and MDR1, and SCa (2-76) has a basakssion of these genes (White et
al., 2002). Both strains were growth in Yeast PeptDextrose broth, both from a single
colony grown on SDA and incubated 18 h at 37 °C.I&0g-term storage, yeasts stocks

were kept from a glycerol 15% at -70°C (CLSI, 2002)



2.4. Assay for formation and quantification of biofilms

Quantification of biofilm formation was performeding 96-wells polystyrene
microtitre plates (Greiner Bio-One) according te thethod of O’'Toole & Kolter (1996)
with modification (Messier et al., 2011; Peraltakf 2015). Briefly, microtitre plates were
pre-treated with 50% FBS, were inoculated with 106f 1 x 10 cells/ml suspension in
SDB and incubated at 37 °C for 90 min (Pierce e2808; Peralta et al., 2015; Peralta et
al., 2017). Each strain was assayed in four rejgliaeells. Non-adhered cells were removed
and plates were incubated at 37 °C for 48 h. Fatigwgrowth, biofilms on mature phase of
growth, were washed with sterile PBS and incubate®¥ °C for 48 h with different
concentrations of 8PP (1.5 to 1000 uM) from a 20 stk solution dissolved in DMSO
(1% vl/v final assay concentration). Fluconazoleatcentration ranging from 0.8 to 6.5
UM was used as reference antifungal (positive orflom a 6.5 mM aqueous stock
solution as previously described by Peralta aall5. Untreated (controls) biofilms with
DMSO (1% v/v) were also performed (Peralta et2015; Ramage et al., 2012).

After incubation, the supernatant was carefullyeftiggd and into a separated plate in
order to perform extracellular oxidative stressaagsgArce Miranda et al., 2011, Peralta et
al., 2015; Peralta et al., 2017). The biofilms wemeed three times with PBS, stained with
1% (w/v) CV for 5 min, and rinsed again with PBStekwards, CV was dissolved with
ethanol/glacial acetone (70:30). Finally, the agtotensity (OD) at 595 nm was determined
using a microplate reader (Tecan Sunrise Model, AARCAUS). The amount of biofilms

formed is reported as the Biofilm Biomass Unit (BBWhich corresponds to a simplified
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expression used in previous studies and defindud @vit OBgs equal to 1 BBU (Arce

Miranda et al., 2011; Marioni et al., 2016; Peraital., 2015).

2.5. Antifungal susceptibility testing on C. albicans biofilms

The SMIC 80 was defined as the concentration athvtiie BBU decreased 80%
(Peralta et al., 2015; Marioni et al., 2017; Paraltal., 2017). Antifungal solutions (100 pl
per well) were added to a final volume of 200 p L well, in order to obtain final
concentrations ranging from 200 to 1000 uM for 8Riegative controls were included,
containing SDB alone or SDB with 1% DMSO. After autation, the microtiter plate was
incubated at 37 °C for 48 h, and OD was measuré8anm. To ensure accurate
correlation between OD and cells concentratiorQ@l sample of the SDB containing
biofilms was sonicated for 3 s at 20% intensitgéparate the sessile cells (TestLab
Ultrasonic Cleaner, TestLab S.R.L, Buenos Airegefitina) before culturing on an agar
plate for CFU counting. The cell suspension wasted 1000 times with sterile water and
100 ul of the suspension was then pipetted ouspreld evenly by using a sterile plastic
transferring loop on SDA. Then the plates were lrated at 37 °C for 24 h (Peralta et al,

2015; Marioni et al., 2017; Peralta et al., 2017).

2.6. Non-enzymatic and enzymatic antioxidant activity

The total antioxidant capacity (enzymatic and nomyenatic) of biofilms was
determined by the ferric reducing antioxidant pote(FRAP) assay. The sample (1 of
were mixed with 30Qul of the mixture (10:1:1) of acetate buffer (300 mpH: 3.6), 2,4,6-

tripyridyl-s-triazine (10 mM) in HCI (40 mM) and E#;.6H,O (20 mM). The OD was
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measured at 593 nm after 4 min of incubation. FRABes were calculated using a FeSO
calibration curve and results were expressed asHBBU (Peralta et al., 2015; Peralta et
al., 2017).

The total SOD activity was assayed through itsitgtiid inhibit the photochemical
reduction of NBT by @ to blue colored formazan measured at 560 nm. Sbits the
reduction of NBT by superoxide radical, generatedugh the illumination of riboflavin in
the presence of oxygen and the electron donor or@tie. The results were expressed as
SOD activity (%)/BBU (Arce Miranda et al., 2011; Mani et al., 2017; Peralta et al, 2015;
Peralta et al., 2017).

2.7. Oxidative metabolites assay in biofilms

Nitric oxide was measured using Griess's reagathN&iNQ as standard.
Supernatant (100 ul) and mixed with 200 pl of 1&%anilamide in 1 N HCI and 56L
of 0.1% N-(1-naphthyl) ethylenediamine dihydrocideraqueous solution were added and
was measured 15 min later by spectrophotometrg@insn. Results were expressed
respect to BBU (RNI/BBU) (Angel Villegas et al., &) Arce Miranda et al., 2011;
Baronetti et al., 2011).

Extracellular @, were detected by the reduction of NBT (0.1 mN&T 1 mg ml
!y and measured in the supernatant of biofilms udiffarent conditions at 540 nm. The
results were expressed ag BBU. H,O, treated samples were used as positive control
(Arce Miranda et al., 2011; Marioni et al., 201 &ér&ta et al, 2015; Peralta et al., 2017).

Intracellular ROS production was determined by ©oaf scanning laser
microscopy (CSLM) using DCFH-DA. Biofilms were foed on small glass covers
(12 mm) placed in the wells of a 24-well microtifgate (Greiner Bio-One, Germany). At

first, disks were stained for 1 min with 80of Calcofluor-White (0.05 % v/v), a
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fluorescent dye that stains fungal cell walls WlReralta et al., 2015; Peralta et al., 2017).
After being washed in PBS, disks were incubatett &Gl DCFH-DA (10 pM) for 15

min in darkness at room temperature. DCFH-DA is@a-fluorescent compound that
diffuses across membranes, and is hydrolyzed bgdellular esterases to a membrane-
impermeable derivative 2’,7’-dichlorodihydrofluooesn (DCFH), which is rapidly
oxidized by ROS to the highly fluorescent 2’,7’diorofluorescein (DCF) which is
trapped within the cell (Bergamo et al., 2015).eAltaining, intact biofilms over disks
were removed from the wells, placed inverted im85-glass-bottom micro well dishes
and examined by using a Fluoview FV1000 Spectragihpus CSLM (Olympus Latin
America, Miami, FL, USA) equipped with PLAPON 60XNA:1.42 Olympus oll

immersion lens (Peralta et al, 2015; Marioni et2017; Peralta et al., 2017).

2.8. Image acquisition and analysis by COMSTAT

For the analysis of the biofilms, two independeqgeriments were performed.

In both experiments images were acquired at 1 gemials down through the
biofilms. Therefore, the number of images in edellsvaried according to the thickness
of the biofilms in each different condition (untted biofilms and treated with 8PP at 1000
KM). Images from randomly selected positions wédataioed and analyzed independently
and optical sections were acquired atjn®intervals for the total thickness of biofilms.
The structure o€. albicans biofilms was assessed using COMSTAT software bsctag
the following parameters: Biomass (f{pmT), Mean thickness (um), Maximum thickness
(Lm), Area occupied by cells (%), Surface-to-voluaio (pnf/pnt), Maximum/Mean

diffusion distance (um) (Heydorn et al., 2000; \égaiard, 2008). The analysis of the
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images of the biofilms was performed by means efNkH-ImageJ (Marioni et al., 2016;
Peralta et al., 2017).

2.9. Satistical Analysis

Statistical analysis was performed using ANOVAdaled by the Student-
Newman-Keuls test for multiple comparisons. Diffezes were considered significant for
comparisons with non-treated biofilms|if < 0.01 and p < 0.001; and for comparisons
between different concentrations of 88p < 0.01 and *p < 0.001. All experiments were

performed in triplicate and data are representethbynean + SD.

3. Reaults

Non-enzymatic and enzymatic antioxidant activity

Previously we determined the SMIC80 at 6.5 uM flicbnazole and 100 uM for
8PP in RCa and SCa biofilms. We demonstrated thidatve and nitrosative metabolites
were increased, and the antioxidant defenses ve@ixated in the presence of this
compound at such concentration in both strainsa{fzeet al., 2015).

According to these previous results, we evaludtecetfect of higher concentrations
of 8PP (200 to 1000 uM) on mature biofilms to deliee whether affects its toxic activity
on RCa and SCa sessile cells of biofilms. Fig.ghthe relationship between the total
antioxidant defenses and the BBU in presence &dréifit concentrations of 8PP. At 200
puM and 1000 uM of this compound, the antioxidariedses in biofilms determined by
FRAP, decreased 8 and 40-fold respectively witbeesto SMIC807(*p < 0.001),
concentration of 8PP that shown prooxidant activitRCa (o-), as was demonstrated in
our previous investigation (Peralta et al., 20B8$0, SCa biofilms presented an important

decrease in FRAP levels when were compared to #dgeved by SMIC80 of 8PP (100
14



FRAP/BBU

M) (*#p < 0.001). Furthermore, at 1000 pM the antioxidamacity decreased fifteen-
fold with respect to untreated RCa biofilmg(< 0.001). This difference was not so
remarkable in SCa{-) at 200 puM of 8PP, which had similar FRAP valtethe

untreated. BBU had shown similar values at 200 iBR#, than untreated samples in both
strains. At this concentration, no inhibitory agfwas detected. A correlation between

CV assay and CFU/ ml was observed (data not shown).

3000 HH 2.5
sk
2500
HH 2
2000
1.5
o)
1500 g
1
1000
0.5
500
0 0
1000 8PP (uM)
[ 1BBU SCa BBURCa ---FRAPSCa —e— FRAPRCa

Fig. 1 Relationship between antioxidant defences detetsnioaferrous reduction

antioxidant potency assay (FRAP) and biofilm fotioraof RCa and SCa by crystal violet
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(CV) staining expressed as biofilm biomass unitBB Error bars represent the standard
deviations of the means of three independent exygertis. * and **denote statistical
significance p < 0.01 and p < 0.001 respectivelyemwere compared to untreated
biofilms. *indicate statistical significance at p < 0.001 wigspect to SMIC 80

(prooxidant activity).

The main enzyme involved in,Odetoxification is the SOD. The activity of this
enzyme was studied to correlate the enzymatic dadaat activity with Q™ production, in
biofilms under different concentration of 8PP. @ebbiofilms a little increase of SOD
activity was detected at 200 uM 8PP, while at 1080the enzymatic activity was lower
than at 200 uM of 8PP, and no significant diffeeen@s observed with respect to the
untreated basal level (*p < 0.01) (Fig. 2). SODwatgt was not modified in the presence of
8PP at both concentrations in RCa biofilms. Theadtvation of the SOD enzyme and the
significant decrease of the total antioxidant systeuld be due to the antioxidant effect of
8PP at high concentrations that keeps anti-oxidizedntire structure of the biofilms,

mainly by the effect of non-enzymatic system.
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Fig. 2 Enzymatic activity of superoxide dismutase (SOD)I@D activation /BBU)

in RCa and SCa biofilms under 200 and 1000 uM &.8P

Oxidative metabolitesin C. albicans biofilms

In order to correlate the oxidant metabolites ofibns with their antioxidant
capacity, @  and RNI were assayed in biofilms of both strand were expressed as
increase of oxidative metabolites with respechliasal values measured for the
untreated biofilms (Fig. 3). At 200 uM a littlese in Q "~ values of both strains was
detected (* p < 0.01), while at 1000 pM Qvere like the untreated samples and no

differences were found between strains (Table Lhigh concentrations of 8PP, the
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system would be highly antioxidized so that theeere differences between strains and
levels of metabolites remain low with no interventiof the non-enzymatic system.

The presence of 8PP affects RNI levels showingfices between strains (Fig. 3
and Table 1). In fact, RNI values also were inoedeat 200 uM, however, this increase
was more important in SCa biofilms p < 0.001). At 1000 pM of 8PP RNI levels were
twice increased with respect to the untreated sesnig < 0.01). The differences observed

in total antioxidant defenses at 200 uM could bated to differences in NO levels.
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Increase of oxidative metabolites

[EEY
o

O » N W » U1 O N 00 O

H RNI

1000 200 1000 8PP (uM)
RCa

Fig. 3 Increase of superoxide anion radica} (Cand reactive nitrogen intermediates

(RNI) with respect to control (untreated) in RCa &CaC. albicans biofilms.

8PP (LM)

200

1000

RCa

O, /BBU RNI/BBU O, /1BBU RNI/BBU

0.09 +0.01 2.29 +0.66 0.06 +0.01 2.81+0.71

0.14 +0.03* 17.86 £2.50** 0.16 +0.07* 8.99.#41**

0.05+0.01 4.39 + 1.50* 0.04 +0.01 3.3045*

Table 1. Metabolites of cellular stress(BBU and RNI/BBU) in azole-resistant

(RCa) and azole-sensitive (SGZgndida albicans biofilms. Standard deviations of the
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means of three independent experimengsid* denote statistical significance at p < 0.01

and p < 0.001 respectively, when compared to uteddaiofilms.

Confocal scanning laser microscopy biofilms image and COMSTAT analysis

Intracellular ROS production was assessed insig&lsecells at 200 uM by CLSM
with DCFH-DA which is hydrolyzed by intracellulasterases, resulting in green high-
intensity DCF fluorescence (Fig. 4 A-D). Blue chahshows Calcofluor-White in sessile
cells walls. Fig. 4D shows NIH-Image J quantitatarelysis of DCF (green) fluorescence
intensities for SCa and RCa. Increased fluorescealcees were quantified in treated
biofilms (8PP 200 uM) compared to the untreatedsohefact, the values obtained were
0.25 + 0.05 for untreated and 0.18 + 0.02 for 89@2M in SCa ' < 0.01). However, this
increase was more important in RCa biofilms, wigues of 0.70 £ 0.03 for untreated and

0.50 + 0.16 for 8PP 200 UM (**p > 0.001).
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Fig. 4: Confocal scanning laser microscopy. Images of FRCand B) and SCa (C
and D) biofilms. Untreated biofilm control (A and.dreatment with 8PP at 200 uM (B
and D). Blue channel shows Calcofluor-White in 8es®lls walls, and green channel
shows oxidation of the dye DCFH as an indicataraictive oxygen species (ROS)
production inside of biofilms. Magnification 60xé@scale bar 10 um. D. Intracellular ROS
in sessile cells of SCa and RCa (untreated and?8BR1M) quantified as fluorescence of
DCFH probe with NIH-Image J. Error bars represhetdtandard deviations of the means
of three independent experiments. * and **dencdgisical significance p < 0.01 and p <

0.001 respectively, when were compared to untrdaitddms.

Different parameters of biofilm architecture unddferent treatment conditions
were performed with COMSTAT software (Table 2). @tating with the results obtained
for BBU, Biomass (uriunt), Mean and Maximum thickness (um) similar valuesav
observed between 200 uM 8PP concentration andalettsamples. The Area occupied by
cells (%) and Surface-to-volume ratio (f{pm®) founded in treated biofilms were different
compared to untreated for RCa but not in SCa. Bssidiofiims of both strains at 200 uM
of 8PP exhibited higher diffusion distances (Medfusion distance) in their structures
when were compared to untreated samples for SC&@ad Visualization of the different
topographic surface architectures of biofilms aledi by 3D image, showing different
voids, channels, and pores that could change ¢leifiside the matrix of biofilms (Fig 5).
The architecture and surface topography showirfgreifit diffusion distances could change

the flow inside of biofilms in antioxidant effect lsigh concentrations of 8PP.
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Table 2. COMSTAT analysis of architectural paramseté azole-resistant (RCa) and

azole-sensitive (SC&). albicans biofilms in presence of 200 uM 8PP.

SCa RCa

Untreated 200 uM Untreated 200 uM

Biomass (unipnt) 2.86 2.39 3.64 3.45
Mean thickness (um) 2.75 2.25 3.50 3.00
Maximum thickness (um) 5.50 5.00 7.00 6.00
Area occuped by cells (%) 49.0 49.9 41.2 49.1

Surface-to-volume ratio (um*/pum?)
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Fig. 5 A and B. Confocal scanning laser microscopy 3D image sirariatf

untreated and treated RCa biofilms, respectively.

4. Discussion

Thein vitro antioxidant activity of flavonoids depends on #mengement of
functional groups on its core structure and thdigaration and total number of -O&l
group substantially influences the mechanism oftitexidant activity (Heimet al.,

2002). The prenylated flavonoid 8PP has two -OHigsoon B ring, chemical feature to
which the antioxidant activity, revealed by ouruiés (Fig. 1), could be attributed. Besides,
its structure has a conjunction between the 4-ogamof the C ring and the -OH group of
C5inring A (Prochazkovét al., 2011). The extent to which flavonoids aoée to act as
anti- or prooxidantsn vivo is still poorly understood and this topic cleadyuires further
studies.

Biofilms formed byC. albicans are associated with drastically enhanced resistanc
against most antifungal agents and contributesdgersistence of this fungus (Mukherjee
et al., 2004; Nobile and Johnson, 2015). We preshjoreported that SCa and RCa biofilms
were strongly inhibited by 8PP in a dose-dependiagner (1.5 to 104M), having
important inhibitory activity at concentrations gamg from 50 uM to 100 uM. An
accumulation of oxidative metabolites (ROS and RN&t could be inducing an adaptive

response with increase in antioxidant defensesg@sted (Peralta et al., 2015).
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Oxidative stress-mediated damage, because of exeesxumulation of ROS/RNI-
induced damage, and the effect of ROS-mediatedasslalso depends, in the sessile cells
of biofilms, on the ability of to produce, releas®d/or accumulate ROS into the
extracellular matrix. In this work we demonstratedt at high concentrations (1000 uM)
8PP do not inhibit the biofilms @&. albicans; quite the opposite, an increase of the
formation of the biofilms was detected, in botlasts, with lower levels of antioxidants
system (Figs. 1 and 2). However, according to oevipus findings (Peralta et al., 2015) a
pro-oxidant exogenous activity of 8PP was deterteiad SMIC80 (100 uM), which
indicates that this compound could induce a "redmtlVvity that depend of its
concentrations on the biofilm3.he ability of sessile cells to overcome celldaess
depends on its enzymatic and non-enzymatic antoxichechanisms. The basal level of
FRAP was higher in RCa than SCa; however, sim#heels were found in both strains
biofilms after high doses treatment with 8PP, iatling that a better activation of
antioxidant defenses was achieved in SCa if we epenpp with their respective basal
levels. Therefore, SCa with a low efflux could lesistant in biofilms forming forms
because of a high antioxidant capacity, which ingrlyymportant factor of defence against
oxidative stress. The highlight relevance of oxidastress (prooxidant-antioxidant
imbalance) in biofilms could be more important tlaplanktonic cells, because affecting
the architectures of biofilm. The efflux pumps mtade drug exportation as the ATP-
binding cassette transporter superfamily (includdizR1 and CDR2) and the major
facilitator classes (as well as MDR1) are typicalpregulated in response to antifungal
drugs. However, in biofilms, they become upreguaatéhin the first few hours of surface
contact and remain upregulated throughout biofiewelopment, which clearly contributes

to the recalcitrance of biofilms to treatment wathtifungal agents (Nobilet al., 2012).
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The prooxidant activity of 8PP at lower concentmasi was previously reported by
us (Peralta et al., 2015). The increased of tatibxidant capacity in the presence of 8PP,
could be as response to the generation,0fMdich could induce of an adaptive response
based on an increase in antioxidant defenses. ©athier hand, at higher concentrations of
8PP there is a greater number of -OH in the B tfiag can act on the "redox" cycle of Fe,
restoring F&*in the system and cooperating in the low formatbROS, antioxidant
effect, mainly by action of non-enzymatic systeng(R2 and 3).

Taborga et al. (2017) recently reported geranylplsehaving in their structures
hydroxyl groups and a geranyl chain attached taramatic nucleus, like the configuration
of B ring in 8PP structure, which exhibited highigantages of inhibitory activity against
standardized and clinical isolates of yeasts bétangp Candida andCryptococcus genera.
The structure-antifungal activity relationshipsedatined that free -OH are important for
their activity (Taborga et al., 2017).

RNI were reported to be bacterial cytotoxic, depegadn its concentration and on
the redox status of its environment (Arce Mirantlalg 2011; Angel Villegas et al., 2013;
Singh et al., 2015). Previously, we reported a dtegmendent increase in NO levels until
100 uM of 8PP caused an oxidative stress statual{®et al., 2015). However, at higher
concentrations of 8PP, the NO level was low in ®stthins (Fig. 3 and Table 1).
Nevertheless, how flavonoids inhibit induction ddNynthase and increase NO production
is not clearly understood yet, but several explanatare argued.

The architecture of sessile cells of biofilms waaleated using CSLM that
provided information about the morphological conipos, topographic surface and spatial
localization of oxidative stress inside of the s€lFigure 4 and Table Biomass

parameter, Mean and Maximum thickness of treatefiliois are similar than the untreated
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samples. However, these parameters are ignorireg @ord voids inside the biofilms, that
were clearly distinguished in topographic surfabtamed with 3D image simulation
reconstruction for RCa biofilms (Fig. 5) and thatresconsidered in Area occupied by
cells, Surface-to-volume ratio and diffusion distawalues (Table 2). The bio-volume of
the biofilms and occupied area reflects how effitdiethe yeast colonized the substrate, in
addition, the diffusion distance are different afteatment with 8PP. The images obtained
by CLSM showed a more compact biofilms for RCa tB&a and showed different values,
demonstrating heterogeneous forms in “antioxid&attis”. The architecture of the biofilms
is important for governing liquid and nutrient tsmort, and the exopolysaccharide matrix
determines this microenvironment by affecting dignsvater content, charge, sorption
properties, hydrophobicity, and mechanical stab{llemming and Wingender, 2010).
This allows to evaluate how the diffusion withirethiofilms is and to estimate a smaller
circulation of nutrients and oxygen, as well aswfantifungal agent which could favor the
resistance. This complex topography of biofiimewaHl at the possible presence of
heterogeneities within the biofilms, which couldda persisters cells development
(Stewart, 2012).

The interest in possible health benefits of flavudadas increased owing to their
potent antioxidant and free radical scavenging/diets observedn vitro. Nevertheless, the
antioxidant efficacy of flavonoids vivo is less documented and their prooxidant
properties have been actually described. Simil&PB, ascorbic acid has both antioxidant
and prooxidant effects depending upon the dosegRethal., 2014).

Few drugs are available to treat fungal infectiand new classes of antimicrobial
drug are urgently required and the flavonoids regméa novel set of leads. Clinical

management of fungal diseases is being further oomiged by the emergence of
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antifungal drug resistance, which limits the avalgadrug classes that could be used as
treatment options. Future optimization of new coommts through doses effective studies
may allow the development of a pharmacologicallyeptable antimicrobial agent or group

of agents (Kalidindet al., 2015).

5. Conclusions

Cellular redox homeostasis is very important focnoibial survival and situations
that can cause an imbalance between the oxidatelbolites and the antioxidant defences
levels could affect the sessile cells of biofilfikis study validates earlier reports of
antioxidant potential of flavonoids and 8PP proaxitproperties seem to be concentration
dependent, similar that reported for other flavdsoMWe shows for the first time, that 8PP
had concentration dependent manner antifungaligctin C. albicans biofilms, with dual
prooxidant-antioxidant effect. The antioxidant effeat high concentrations, was mainly by
action of non-enzymatic system and altered theit@atiaire and surface topography
showing different diffusion distances that coul@iehe the flow inside of biofilms.
Depending on the level and relation to free radieald their metabolites and antioxidant
level status of system, this prenyl flavonoid magds to different responses and to be toxic

or not, to the sessile cells of biofilms, with @ifént clinical consequences.

Supporting infor mation

(Fig. 1A) are available as Supporting Information.
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