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Candida species have increasingly deserved a special attention among the medical community. In spite of the presence of Candida
species as a human commensal, alarming rates of local and systemic infections have been observed, varying from moderate to
severe impact. Currently available antifungal drugs have progressively lost their effectiveness, pointing urgently the problem of
the microorganisms with acquired-resistance. Natural matrices are secularly used for numerous purposes, being inclusive and
highly effective as antimicrobials. Increasing evidence gives a particular emphasis to the contribution of phenolic extracts and
related individual compounds. In vitro studies clearly confirm their prominent effects, but the confirmation through in vivo studies,
including the involved mechanisms of action, is not so much deepened. Therefore, the present report aims to provide extensive
knowledge about all these aspects, highlighting the most efficient phytochemical formulations, including therapeutic doses. Further
studies need to be incited to deepen knowledge on this area, namely, focused on clinical trials to provide safer and more effective

antimicrobials than the current ones.

1. Introduction

Over the last years, plant-derived extracts and related phy-
tochemicals have gained a particular attention by scientific
researchers, due to their healing effects [1-3]. Studies involv-
ing the elucidation of their mechanisms of action, including
pharmacokinetics and pharmacodynamics, have been also
performed [4-8]. In the last two decades, among its phy-
totherapeutic properties, the antimicrobial potential, namely,
anti-Candida effects, has deserved a particular attention. In
fact, Candida species have been implicated in an onset of
mild and severe clinical conditions, although it was con-
sidered a commensal microorganism of healthy individuals
[9].

In the majority of cases, patients have no infection signals
and symptoms manifestation; thus, upon a clinical diagnosis,

a severe colonization and related infection are installed
[9]. Antifungals and even other antimicrobial drugs are,
therefore, extensively prescribed; but the present condition
is much more complex than simple Candida species over-
growth [9]. Other triggering factors are also involved, which
are neither considered nor regulated by the antimicrobials.
Obviously, recurrent infections will be installed, leading
to the appearance of microorganisms highly resistant to
conventional antifungal drugs [10-12].

Plants and all living organisms produce countless sub-
stances aiming at their survival, defence, nutrition, and
even growth [13-15]. Regarding their antimicrobial proper-
ties, namely, antifungals, some of them have already been
described. Phenolic compounds, namely, phenols, flavonoids,
coumarins, quinones, saponins, and xanthones, are the
most abundant, besides alkaloids, lectins, polypeptides,
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terpenoids, and essential oils [15-18]. In vitro studies are
crucial to screen their effects [19], security, efficiency, and
other biochemical parameters, but plant-derived bioactive
molecules possess several modes of action, establishing
synergic, antagonist, and polyvalent relationships with other
compounds, besides suffering chemical changes due to
organic metabolism, including the effects on gut microbiota
[5, 20, 21]. Those features could not be assessed through in
vitro and, therefore, in vivo studies, and mostly clinical trials
shall be also considered.

In this sense, the present report intends to provide
extensive knowledge on in vivo anti-Candida potential of
phenolic extracts and compounds. Furthermore, the in vivo
mechanisms of action of the previous will be presented, as
well as potential clinical applications (i.e., galenical formula-
tions, among others).

2. Candida Species: Clinical Impact

2.1. Epidemiological Features. Microorganisms are ubiqui-
tous and, in adequate concentrations, are crucial to the
organic homeostasis. To ensure this equilibrium, friendly
microbiota, gastrointestinal pH, immune system, and organic
metabolism play a role of the utmost importance [22,
23]. Nevertheless, daily routine, environmental factors, and
people lifestyles, among other factors, act as triggers to
unbalance. Additionally, higher levels of stress, the overuse
of antibiotics, antacids and proton-pump inhibitors, birth
control pills or steroids, the exposure to environmental chem-
icals, and wrong food choices (namely, diets with too many
sugars, alcohol, and fermented products) are encountered
between the most common causes of dysbiosis. Much more
than a “dys” (which means not) and “symbiosis” (which
means living together in mutual harmony), dysbiosis reflects
the relationship between microbes and the host [22, 23].
In contrast with some high-virulence microorganisms that
cause immediate reactions, low-virulence microorganisms
are insidious. Candida species, considered a commensal
microorganism, comprises an excellent example [22-24].
Among them, C. albicans is encountered as the most frequent,
being responsible for approximately 50-90% of cases of
human infection (candidiasis) [9]. But presently, other non-
albicans Candida species have also been involved, mainly
C. tropicalis, C. glabrata, C. dubliniensis, and C. parapsilosis.
Besides their associated virulence features, they are also able
to form biofilms with other species, which not only makes
their eradication difficult but also improves their prevalence
and related resistance to antimicrobials [9, 25]. Thus, and
despite providing several benefits to the host, they possess
a higher adaptability and numerous strategies to survive,
which not only favors their overgrowth but also changes
their susceptibility profiles. The human organism is colonized
by these yeast species at, or near, birth, mainly through a
physical contact with the vaginal flora [25-27]. Under normal
physiological conditions, Candida species are present in
small amounts, but some individual characteristics determine
the probability of Candida overgrowth and, consequently,
establishment of infection. For example, women are most
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susceptible, as hormonal variations act as triggering factors,
but men could also be affected [9, 28].

Previous to the synthesis of chemical drugs, namely,
antibiotics and other antimicrobials, microorganisms nat-
urally produce natural biocides towards each other, but
also establishing symbiotic relationships [22, 29, 30]. Nev-
ertheless, due to the disseminated adhesion to the use and
overuse of antibiotics, not only in humans but also in
animals, numerous microorganisms with undergoing muta-
tions have appeared, and linked with this, the rates of
chronic and degenerative problems soared in an exponential
manner.

2.2. Drug Resistance. A large amount of antimicrobial drugs,
such as antibiotics and antifungal agents, is currently available
to fight against a wide variety of infectious syndromes [31, 32].
Once these drugs act in a nonspecific way, they kill not only
harmful but also helpful microorganisms, including healthy
microbiota, apart from interfering with several metabolic
pathways [22, 29, 30]. As previously mentioned, oppor-
tunistic microorganisms may be present in small amounts
in healthy organisms, without causing any clinical distur-
bance or infectious symptoms. But, unfortunately, in the last
decades, in the face of a minimal symptom of infection,
antimicrobial drugs are widely prescribed, mostly without
determining the causative agent. The fact that unbalanced
diets and nutrient deficiencies are important secondary
causes of infection is completely ignored [22, 30]. In fact,
several nutrients are crucial to maintain a healthy immune
system [22, 23, 32]. So, it is easy to understand that, in the
face of nutritional deficits, the defense system cannot work
properly, and so the probability of occurrence of oppor-
tunistic infections and other organic disorders is significantly
improved.

In the face of the higher rates of microorganisms with
acquired drug resistance, among which are Candida species-
related infections, scientific advances regarding new synthetic
drugs, more specific and effective than the previous, have
been supported by pharmaceutical industries. The current
ones are ineffective not only at higher doses but also in drug
combination [10, 33-35]. The most prominent situation is the
acquired-resistance to azoles, mainly by enhancement of its
efflux through upregulation of multidrug transporter genes
on yeast cells, besides changes in the ergosterol biosynthesis
and occurrence of mutations. The new synthetic drugs seem
to be effective against the majority of insidious- and resistant-
Candida species [35-40], but the problem of their side effects
and related toxicity still remains.

2.3. Upcoming Approaches. Plants comprise an extremely
rich pool of bioactive constituents [41-45]; most of them
are secondary metabolites (final or intermediate products)
[14, 45-47]. Among them, phenolic compounds have gained
a special attention in the last years. In fact, numerous studies
have pointed their prominent antifungal potential [16, 45, 46,
48-50)].

The use of botanical preparations is an ancient practice,
but without a solid scientific basis, it is poorly accepted
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by the medical community. Numerous underlying inter-
ests have blocked its worldwide recognition, in spite of
its evident effectiveness and absence of side effects and
toxicity, when properly used. It is a fact that several studies
have reported problematic herbal-drug interactions [51-53],
but it is very important to highlight that the majority of
synthetic chemicals are derived from plants, that they act
on symptoms and not in the predisposing cause(s), that
they only possess one or another therapeutic indication, and
that the magnitude of side effects and toxicity is directly
related with the prescribed dosages [22, 32]. On the other
hand, natural matrices, besides providing a wide variety of
phytotherapeutic properties, improve and even contribute
to a proper nutritional balance [22-24, 54]. Furthermore,
these bioactive molecules show a higher spectrum of clinical
applications, due to the occurrence of synergic, antagonistic,
and polyvalence reactions; their side effects and related
toxicity disappeared and/or are neutralized, as well as being
able to favor the organic homeostasis, providing not only
immunomodulatory and healing properties, but also other
health benefits [22, 23, 55]. Thus, while botanical preparations
act in a holistic manner, the chemical drugs mainly block
one or more metabolic pathways improving the organic
unbalance [22-24, 32]. Among the intensive research on
this area, in vitro studies clearly assume the leadership,
while in vivo studies remain secondary. Notwithstanding, in
vitro studies have clear limitations, Notwithstanding, in vitro
studies have clear limitations; so, apart from the discovery of
potentially effective alternatives, is also important to analyze
its feasibility and to access the involved modes of action,
through in vivo studies.

3. Clinical Importance of In Vivo Studies

3.1. Historical Perspective. The diagnosis of an infection
comprises several levels of complexity, and currently the
idea that the presence of some microorganisms is inoffensive
was changed completely [56, 57]. In particular, opportunis-
tic microorganisms, including Candida species, can cause
from a simple catheter-related fungemia or peritonitis to
severe localized infections, or even extensive hematogenous
dissemination [9, 57, 58]. Immunocompromised patients,
transplanted or submitted to broad surgeries, individuals
with neoplastic diseases, and children and elderly people are
considered as a higher risk population, being much more vul-
nerable than other common citizens [9, 58]. In this sense, and
considering that in some cases neither signals nor symptoms
are observed, it is crucial to establish a correct diagnosis,
which implies not only the use of representative isolated
clinical material, but also the isolation and identification
of the involved microorganism, towards a correct clinical
intervention [56, 57].

In the first stages of the clinical investigation, in vitro
techniques (such as microscopic, serologic, antigenic, ampli-
fication, and susceptibility tests) are extremely useful, but it
is necessary to highlight that they do not consider numerous
variables, namely, the individual idiosyncrasies and organic
metabolism. Thus, and regarding the latest advances related

with the opportunistic fungal infections, numerous in vitro
studies have been carried out, including the screening of
some natural extracts (e.g., rich in phenolic compounds)
with anti-Candida potential [19], but also evaluating their
mechanisms of actions and other laboratorial parameters
(i.e., proteomic, genetic, molecular studies, etc.) [5, 6, 50, 59,
60]. Notwithstanding, in vivo studies still remain scarce.

3.2. In Vivo Antifungal Potential of Phenolic Extracts. Table 1
shows the phenolic extracts with reported in vivo activity
against Candida species. Combretaceae followed by Acan-
thaceae are the most studied plant families. Considering
the obtained results, leaves, followed by the seeds and
fruits, and then flowers appear as the most enriched-plant
parts. In fact, leaves and seeds/fruits show higher levels
of phenolic compounds, but their concentrations depend
greatly on the growth, harvesting, and storage conditions [61-
64]. Additionally, the extractability of phenolic compounds
depends on the type of solvent used [19]. Methanol, fol-
lowed by acetone, water, ethanol, petroleum ether, methanol-
dichloromethane, ethyl acetate, and n-butanol encounter
between the most frequently used extraction solvents. In fact,
these solvents were also the most commonly used in the in
vitro studies dealing with anti-Candida potential of phenolic
extracts [19].

The neutrophils adhesion, locomotion, and chemotaxis
tests, as well as the assessment of their phagocytic activity
to kill C. albicans, have been some of the parameters used
to evaluate the activity of phenolic extracts against Candida
species [65, 66]. The obtained results allow not only the
determination of the abundance of neutrophils in blood
samples, in terms of number of total leukocyte cells (TLC)
and differential leukocyte cells (DLC), but also the analysis of
the efficiency/capacity to kill C. albicans. Haemagglutinating
antibody (HA) titre and delayed-type hypersensitivity (DTH)
response tests have been also carried out [67]. The obtained
results from these tests can be considered direct indicators
of the status of the immune system and also allow the
determination of the immunomodulatory potential of the
studied substances. The humoral immune response presup-
poses the existence of phagocytic activity but also includes
other immune-related organic reactions, such as induction of
synthesis, reproduction, and differentiation of defense cells.
In this sense, the previous assays give specific information
related with the activity and efficiency of organic-defense cells
to ingest, to remove, and to destroy not only microorganisms,
but also malignant cells, inorganic particles, and altered
tissues.

Evaluation of the wound healing potential, for example,
through measuring the tensile strength, exudate, lesion size,
crust formation, and also histological and histopathological
examinations, has been applied by some authors [68-75].
In fact, the colonization of wounds by microorganisms
is very common; thus, it is extremely useful to discover
plant extracts with pronounced abilities to improve, for
example, wound closure and crust formation. Among the
wide variety of plant’s secondary metabolites, flavonoids, but
specifically tannins, have marked astringent, antioxidant, and



BioMed Research International

(resuoyrrodenur) .
[£2] pu 1ySrom ﬁm\w ¢ BuLnp 20TWI OUIQ[e SSTMS  SUDILQIY D) enuatod JOBIIXD [OUBRYIIN Spaag U sesourunSo|
: A[rep 2ou : : : : ePIPUBINU vjnysif vissy :
ApoqByScr  IEPAUO [eprpueonUY [misyf vissv)
SOADEALIOP HMMHWW ) m.o,M\oo..N sdep £ ‘Aep SJRI TRISTAN SUDIIqD SISVIPIPUEY 0 11xa oo sades “Suo LM:M 9BIORINEIOLY
(0] Suoney sprouoaeyg  PU% %OT %S0 g o ¢ eI IRISTM SUpdLq[L "D jeuiBeaoamny TR OURHRIN S (‘Suog) suay [nesoLyg
UM WedI) SNYIUDPUOSUAS
od
X2 pIng vaILIas
vyPUILLIIY,
Jowwan(g
skep /1 1uosgU
pu D Suimp ppam SIELIBSIM - ¢ pongp - renujod edunynue JOBIIX 2U0J2D SIALD Wnja.quio 2LI0BIDIQUIO
(1] P snosnbe ur %0z b passaxrddnsounuwrtuy w0 pue 3urfeay punop v 1 400 qte0
B sowm ¢ RIMBA 2QL2qui1
wnja.quio))
Juassang
wnjpjoundoqy
Wnja.1quio))
syva1do.y
UO01}oRIIU0d
1o€ druaoroTyD) ORI skep oI SJBT TeISTAL o pue aredar  j0enXa [oURIT sied [erae . -qunyy, vomuodsl seaderjoyirde)
(691 proe2t IO qart (mm) %01 . suvaIqpy . T urramorg 40T o
UOI}O2JUI PUNOMIIUY
vpipuvy
vuvardos; [enuajod
pu JBIm ske SJBI Ie)ST 5 pue Surpeay punom 3o€IIX [OURY)D SIOMO SIDTN DEsTian 9LIDBIUOUST
[¥L] PY 00q Sy/Buw 0ot P 61 Mm OP eay p [oueyIRN 14 18150444 ruougg
suvaIqIv D PpUE [BIqOITWNUY
1ySrom
Apoq 8y/3 ¢z shep £ Suump . boe(
[9z] sjouayq wonensIIWpe  A[ep 99U0 20TW OUIq[e SSIMS  supoigpy *)  [enuajod [eSunynuy  1oBNXd [OULYIIN SIABDT suoauns siovjg 2LDBIATY
®10
suTuUe)
pue ‘sop1sod4[3
‘[Bug (wiary)
onousBodes  wrear> snosnbe siep sjer fopme-onSerds suvaiqqp - Sureay punopy  10BIIX [OURY)S SIALD nyIsjIMjoMm 9BIDRIPILIEU
(€] ‘591eIPAT[0QIED 10BIIXd M/M %G/ T SINOY HT et domed S 1o ([P PUNOM. 3OBIE [OUBURIN 1 it sw:hm P v
‘SPIOIA)S ‘SPIOUOAR] 1
‘Sprofe[v
suTuue)
pue ‘sap1soo4[3
onousdodes  wreard snoanbe skep . YA (ss10:)
lez] (s1eIpAUOQIED JOVIITS M/M SY BT SINOY BT sjer fopmeg-onSexds suvarq - Sureay punopy  10€IIXd [OUBRTISA SIABIT oanyf ornssnf QBB IULIY
‘SPIOIA)S ‘SPIOUOAR[S
‘Spro[ey
BEN| 2AT)OROTg saso armsodxg [opour [ewTuy EQQMMW uonIpuo)) uoneredaig 1eq sapadg Aqrureg

"sa10ads vpipuvy) ysureSe AJIATO 0414 U1 YIIM S)ORIIXD JT[OUdY ] ] H14V],



BioMed Research International

s1eak dds skeoop
spunoduiod SEMUINO oM Ue 9 WIIMID PPIPUPD gunuasard warppyp 10enxe [ouTyid SIS T voisiad aeadRIOpEATR
s >Hottd N e oww WWH w 5 [00 uﬁ pue " joyes wﬁww: e Burmayd POPPAIDS P
p PIHY2 [00Y2S suvgpw ) JO qeaY [B10
surpruefooyjue . ,GEUMMMM
4q pamorjo; ‘(proe Y
. 9)IYM 1J0s skep vIvIqVIS 10BIIXD .
o1de[[o pue ‘poe ) . renuajod T wngpupis
[89] Sursn quaunuro 01 Surmp s31d eaumn) 7 pue (9%S2) Toueyjow s[oad JeadedIUNg
o1p1ed g urdereorund . Surreay punopy : voung
v wiSeeorund) paseqoenxs  Arep aouQ suvaLqIY D :snoanby
mc._ﬁcﬁ_.mmzm Jdrjoueyjowr
(/M) %S
. yelog (usip)
[08] pu Aep/B LL°0 skep g SULIE} 9314} suvaIqIY D) (Snnsew PoruIpqns) 1opmod jeart SOABYT sisuajp3auas seadeuodL[oqg
Kep/Sg1 Jo smoo Sunjejoe] AIAnoe vpIpuv)-NUY  SIABS[ PAOOD) pLpYISIng
1stom dpog 9BI)Xd JT[OY0dTe gekl} . m ot
_ urxa)iaost pue  3y/3w 00z-0S £ ) renusjod PRI NOYOIT Z 8 PIOGIS
£9] UQUALIO UNUALIOOS] : skep ¢ MW D/GTVE SuvaIqr D a2y} Jo uoneIy SIABDT saprosnquivg ELERITeR |
TJUaT IJUSLIOOS]  :UOIjeI}SIUTWIpE J10JB[NPOTIOUNTUT] » q y
00 213908 AT sdyovisoplyg
9]BUITIO)BTUAYOIOTD Ananoeorq Josniy 5 —
Apour d parpnys oy} . [enuajod d
asn [eardo) pue pue ‘sisuai [oueng-u jdoz
PUE 2)eUIIO} By 0} SUIpI02O® 2OTUI OUIQ[E SSIMS PUE Surpeay punom (snyrey)
[2z] UoTjeI)STUTIpE -utjqnp D pue 91e100e [A19 (1) vaovanfinf srddRIPUILIE]
Aylow jo ‘sfep sjer home(-onderdg pue oandeomounue | SUAYOIT
. [’I0 suvolq QUBY}OWOIO[YIIP DIUIIAIPNIST
QINIXTUI ‘PIOE JLIRIIE 6 pue utw 09 ! A 10jRWHRYUI-UY Coury
:spunodwod paje[osy uaamlag o [OUPHIN
uoneI)SIuTupe . MO
AT sjel (stserprpued  10BIXd (A/AT:€) 338&833
(8] pu qBiom Apoq 3o skep ¢ T p— suvdlqp *y  dIWA)sAs) [enuajod  dURYIOWOIO[YIIP SN TeA E1ERlRl ()
o vpIpuv)-HUY -[oueIdN vap1o1di02sqns
/3T pue1co o
10
suTuue) pue
suruodes ‘sproxays  o'd /8w 0pg . renusjod Jreq "qxoy
[99] Xem ‘sapIs0oA[3 pue 06z sdep €1 SOTUT OUIQIE SSIMS SupaIqIv "D K107R[MpPOWOUNTITI] PRI [OUPARIN pue L] vjviowiols snoy] SEOION
‘sayeapAyoqreD)
sprouadia)
pue ‘sououmnberyjue ([esuojriaderyur) ‘boe( (‘uury)
[sz] ‘sprofe[e JOBIIXd skep £ OIN suvoiqy 'y Tenudjod [eSunnuy  10BNXI [OURYISN Spaag uwSoyvu 9BIDRIPIN
‘S[I0 9[TJE[OA jo3y/3¢T DIUIIIIMS
‘sjouayd ‘suruodeg
REN| aAT)OROIg sasoq amsodxg [opou [ewTuy anﬁwcﬁw uonIpuo)) uoneredaig 1eg sapadg Aqrureg

‘ponunjuo) ;[ 41dV],



BioMed Research International

*Pa[Ie)ap/PAUTULI)RP JoU P U pue ‘skep ¢ Surmp Lep e 2ou0 :£)1A108 Jur[Ray pUNOM
‘(wonoafur Hgd dy) Ieyye uru g Surne)s) urur g7 SULMO[[0] 31} 10J pAIunod ‘safdures 159) JO UONBISIUTWPE [BIO I} UTW ()9 :2ANdod100UUE ‘UOTRUIUIRJUT PAONPUT J)je [ 9 SULINp urur (6 L1943 &Sﬁ&&éﬁ.ﬁ:f

[eauojradenur
‘SUOToRIJ potiad (19oueyud unurut penxe snosnbe o "ARD) DIDILIDALD
[s9] pu : Imoy-g¥ 20TUI PUBPPOY  SUBIIIL ") areuur) fenuajod Iopud) S seaoe[ydo8iz
jo, Byswcl © UL 901M) Lrorempowounuuy PO SUOPRE e conea it}
pUE ¢ c"0 £oo1 [mp P
S[O-¢-UBAR]
orrowdjod [eurSeaenur g+ Aep (PPOWT s (A/ac:
(6] pue Srwodio (Tw/Sur og) [mun ‘sfep DIW [qD SUvIqp )  SISBIPIpUEd [eurdea) } Ewﬁsm A\EM um ) Spadg ] vdafiula SIIA SBIIBYPA
OLISWOUOW asnow/TH 01 om) K1aAg [enusjod edunnuy -loueqd
JO IMIXIA
Arep 2o1m)
SPIOUOARY]  “(Jg JUSUIUIO
pue ‘SpIO[e[e d[dus ur Joenxo spoape [eSunynue oeNXd  [eLIdJewT vod
[06] ‘sprouadis) ‘suruuey suapuajds skep ¢ syex Aopme(-ondeids suvoiqp D 1oop9 [eotyh Pen [e= '0) suapuajds 9BIOBUBQIDA
pue Sureay punopy ST[OUBTIIN Juelg
‘sjo193s014yd D M/M UOIPUIPOII]D)
s1edns SuNPRY 9%¢ ¢e) JudUNUIO
3O 3w 001
. -dds
pEN | aAT)OROIg $3s0(] amsodxyg [opour [ewTuy I uonIpuoy) uoneredaig 1eq sapadg Arureg

‘ponunjuo)) [ 41dV],



BioMed Research International

also antimicrobial potential and, therefore, a direct influence
in wound contraction and healing potential [69, 73].

The evaluation of the efficiency/efficacy of plant extracts
in induced systemic and local infection models is a very
interesting approach, once it mimics the real conditions of
infected organisms and, at the same time, the achievement
of the direct effect of the tested substances. Vijayarathna et
al. [76], Jothy et al. [77], Sahgal et al. [75], and Dzoyem et
al. [78] evaluated the effects of plant extracts in systemic
infections, while Araujo et al. [70] and Simonetti et al. [79]
in induced vaginal infection, Abaineh and Sintayehu [80] in
local mastitis, and, lastly, Chelli-Chentouf et al. [81] in oral
health and improvement decays in children.

Although the aim of the present report is to highlight
the in vivo anti-Candida potential of phenolic extracts and
compounds, it should be noticed that natural matrices pos-
sess much more than a single bioactivity and that the sum of
several bioactivities might result in a different final clinical
application. Furthermore, a unique bioactive potential (con-
ferred by a specific or several chemical compounds) is able
to improve considerably other bioactive effects. For example,
several reports have shown that plant extracts with a signif-
icant antioxidant potential also evidence considerable anti-
inflammatory and antimicrobial effects [42, 82-85]. Besides,
plant extracts with higher antifungal potential normally exert
significant immunomodulatory and also antiseptic effects.
Thus, and in the same line with the results of several authors,
plant extracts that present a considerable healing potential
have also a great antioxidant, antiseptic, and antimicrobial
activities. Phenolic compounds are the most representative
chemical compounds with the above-described bioactive
properties, but due to the slight number of in vivo studies
reporting their anti-Candida potential, few conclusions can
be stated. Beyond that, C. albicans is the main focus of
the present studies, but other non-albicans Candida species
should be also considered once present in different infections.

3.3. In Vivo Antifungal Potential of Individual Phenolic
Compounds. Table 2 shows the in vivo antifungal potential
of phenolic compounds against Candida species. Stilbenes,
namely, pterostilbenes and riccardin D, are the most studied
phenolic compounds with anti-Candida potential, followed
by curcuminoids (curcumin and piperine). Its respective
chemical structures are shown in Figure 1. Among the tested
stilbenes, pterostilbenes evidenced a higher anti-Candida
biofilm activity than the riccardin. Li et al. [86] observed
a total inhibition of the biofilm formation by using con-
centrations of 32 ug/mL and 64 ug/mL of pterostilbenes;
at 16 ug/mL, C. albicans biofilms were defective and only
sparse cells were founded. In contrast, the same authors [87],
evaluating the effect of riccardin D on anti-Candida biofilm
formation, did not observe a complete growth inhibition by
using a concentration of 64 yg/mL.

Concerning the evaluation of the antifungal potential of
curcuminoids, Sharma et al. [88] showed that the use of
curcumin alone provides an insignificant effect, due to its
poor bioavailability, but when administered in association
with piperine, an inhibitor of the hepatic and intestinal

glucuronidation, its efficacy, and related antifungal efficiency
was completely changed. For example, the antifungal poten-
tial of associated substances, curcumin (100 mg/kg) in combi-
nation with piperine (20 mg/kg), presents a similar potential
to the current antifungal drug fluconazole (50 mg/kg).

Nevertheless, considering the scarce number of studied
phenolic compounds, no solid conclusions can be proposed.
Additionally, commercial standards are encountered as the
most studied, alternative to the plant-derived phenolic com-
pounds. Candida albicans continues to be the most focused
Candida species, but concerning the real clinical condi-
tions, for example, catheter infections and systemic infection
models, other non-albicans Candida species should be also
considered. Rats, particularly albino and immunocompro-
mised, have been the mostly used animal models due to not
only their higher susceptibility to infections, but also weak
efficiency of their immune system and polymedication. Per se,
the multidrug administration is an isolated triggering factor
that gives higher vulnerability to organisms. In the same line,
several classes, ways of administration, and infection models
should be also studied, by inducing oral cavity, bloodstream,
and vaginal, ocular, nails, and skin infections, once they
are the most commonly effected tissues by these yeasts.
Furthermore, the prophylactic effect of plant extracts (e.g.,
phenolic extracts) and related individual compounds should
be also considered. In fact, the prevention of fungal infections
might be as important as the therapeutic intervention.

Considering all the above described features, more
detailed studies should be carried out, aiming not only at a
better comprehension of the present problematic conditions,
but also at providing new and more effective alternative
treatments (including a prophylactic approach) and, lastly,
at giving consistent data and specific tools towards a future
approach regarding clinical trials.

4. Anti-Candida Species Inherent
Mechanisms of Action

Although several studies have been carried out evaluating
the antifungal mechanisms of action of natural matrices and
isolated compounds, the experimental studies involving phe-
nolic matrices with evidenced in vivo anti-Candida potential
are considerably scarce. Among the in vitro determined
anti-Candida potential of natural matrices, the effects on
the immune system, namely, macrophage activation and
upregulation of the expression of receptors related with
phagocytosis, were one of the most accessed mechanisms
[65]. Martino et al. (2011) concluded that the studied fractions
of the aqueous extract of Larrea divaricata Cav. improve
the superoxide anion production and, consequently, increase
the phagocytosis of C. albicans and improved the nitric
oxide (NO) production when compared with controls. Those
fractions evidenced not only a direct action on macrophage
activation, but also an indirect effect on production and
releasing of ROS and NO, which enhanced the destruction
of the invaders. On the other hand, Roy et al. [74], evaluating
the antimicrobial and wound healing potential of Pyrostegia
venusta Miers, proposed that the evidenced healing effects
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FIGURE 1: Chemical structures of the tested bioactive molecules with in vivo anti-Candida potential.

were related with the accumulation of the anti-inflammatory
and proinflammatory cytokines and cells of immune system,
particularly monocytes and macrophages, as also due to
the antimicrobial effects of the tested natural matrix in the
local of the tissue injury. In addition, Chen et al. [69],
evaluating the wound healing and anti-inflammatory poten-
tial of Lonicera japonica Thunb. and related mechanism of
wound contraction, concluded that these effects were mainly
attributed to the improvement of collagen and granulation
tissue formation, fibroblast proliferation, angiogenesis, and
consequently stimulation of the reepithelialization. Further-
more, the authors proposed that these effects were also due
to the existence of synergistic effects between antimicrobial
and anti-inflammatory properties of the active ingredients,
including chlorogenic acid.

Kumar et al. [67] evaluating the immunomodulatory
potential of Phyllostachys bambusoides Siebold & Zucc, con-
cluded that the observed effects were mainly due to the
upregulation of the macrophage activation and, consequently,
induction of the phagocytic activity. The observed effects
were in part derived from the improvement of NO pro-
duction. These facts resulted in a significant increase of
the macrophage phagocytic activity of Candida species as
well as in a promotion of the proliferation, maturation,
and improvement of the immunological function of other
immune defense cell types, resulting in an effective eradica-
tion of the invaders.

Otherwise, the effects of the phenolic extracts could be
exerted directly in Candida species, instead of in the host
individuals. Figure 2 shows the most common sites of action
of the antifungal drugs. The interaction with the fungal
membrane and its specific components has been described
as one of the most common targets of natural matrices.
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FIGURE 2: Mechanisms of action of the in vivo tested phenolic
extracts and compounds against Candida species.

Associated with an increasing number of resistant-Candida
species to the conventional antifungal agents, and reminding
the predominance of critical infections, the discovery of new
and effective alternatives is of the utmost relevance. It is
a fact that several antifungal agents, such as azoles (e.g.,
fluconazole) and others that interact with fungal membrane,
mainly exert fungistatic effects, despite their current higher
rates of inefficiency. Among the reports about the anti-
Candida activity of plant extracts, the associated modes of
action of those plant extracts and even isolated compounds
have been increasingly clear. For example, Jothy et al. [77]
described a higher anti-Candida activity of the methanol
extract of Cassia fistula Linn. seeds and carried out an
evaluation of the mechanisms of action, by scanning electron
microscope (SEM) and transmission electron microscope
(TEM) observations. The authors verified that, in comparison
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with controls, treated cells presented a significant small
size, irregular shape, with cell wall modifications, and clear
depressions on the cell surface with holes. Furthermore, and
after 12 h, the leakage of ions between treated and untreated
cells appears to be the same; between 12 and 36 h, a significant
increase in K, Ca®*, and Mg*" leakage has occurred in the
treated cells. It means that, during the first 12 h, the applied
extract exerts a little effect on the cell membranes but, after
this time, its disruption associated with an important surface
alteration and related damage were observed. As proposed by
the authors, the anti-Candida activity of C. fistula may occur
by two main modes: firstly, a passive entrance of the seeds
extract into the plasma membrane, initiating the membrane
disruption and, then, by the accumulation of the C. fistula
seeds extract in the plasma membrane that results in cell
growth inhibition.

Concerning to the mechanisms of action of isolated
phenolic compounds, Li et al. [86], evaluating the activity of
pterostilbene (PTE), a stilbene-derived phytoalexin, against
C. albicans biofilms formation, observed a dose-dependent
antibiofilm effect from the PTE concentration used. These
achievements were mainly due to the disruption potential,
induction of filamentous defects, and reduction of the cell
density. In addition, the authors assessed the effect of PTE
on gene expression and observed that, at 16 ug/mL, 307
genes were differentially expressed: 193 were downregulated
and 114 were upregulated. The observed downregulated
genes were mainly related with the process of ergosterol
biosynthesis, function of oxidoreductase activity, and com-
ponents of the cell surface, while the upregulated genes were
related with the process of protein unfolding (heat shock
proteins). RASI (the RAS signal transduction GTPase gene),
ECEI (cell elongation protein gene), SAP5 (secreted aspartyl
proteinase gene), SAM2 (S-adenosylmethionine synthetase
gene), PGAIO (involved in cell surface), and ERGII (involved
in the ergosterol biosynthesis) are some of the downregulated
genes. On the other hand, ESC4 (related with the inhibi-
tion of biofilm formation), YWPI (encoding yeast cell wall
protein), CEKI and RIM8 (involved in filamentation), and
HSP78 (involved in protein unfolding) were found among
the upregulated genes. Furthermore, the authors described
that the PTE also exerts an effect on the Ras/cAMP pathway,
once after the PTE treatment and the exogenous cAMP
restored the yeast-to-hypha morphological transition, and
they also concluded that PTE was able not only to inhibit
the biofilm formation but also to destroy the maintenance of
mature biofilms. Lastly, by studying the in vivo antibiofilm
potential of PTE, the authors confirmed all of the above
proposed theories and also observed that PTE presents
a high bioavailability and no toxicity on the tested mice
models [86].

In the same line, Sharma et al. [88], studying the in vivo
antifungal potential of curcumin and its mode of action,
concluded that curcumin acts by mediating the ROS signal-
ing pathway and, consequently, stimulates the proapoptotic
regulatory processes by increasing the number of preapop-
totic cells. Notwithstanding, the authors also described
that the addition of an antioxidant could prevent these
effects. Furthermore, it was showed that curcumin modulated
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the drug efflux of yeast ABC transporters without affecting
the levels of transcription genes encoding these transporters.
A block of the hyphae growth was also reported by the
authors, not only in C. albicans but also in other non-albicans
Candida species, and in this case, the addition of antioxidants
could not reverse the inhibitory effect. Lastly, the authors
verified that curcumin targeted the global repressor TUPI
(thymidine uptake 1) which, in an independent manner of
ROS production, prevented the hyphae development, in both
liquid and solid hypha-inducing media [88].

Taking into account the above-described mechanisms
of action of phenolic extracts and related individual com-
pounds, it is feasible to conceive that plant extracts could be
promisor antifungal agents. Moreover, no toxicity was found
to the majority of the tested phenolic matrices, which itself
opens new perspectives for the future approach as new anti-
Candida leaders.

5. Current Phytochemical Formulations

Several phytochemical preparations are currently available,
for either external or internal uses [89]. Creams, lotions,
powders, sprays, and ointments are mainly directed for
cutaneous mycosis and onychomycosis, while suspensions,
capsules, drops, or suppositories have been used for mucous
infections.

Table 3 shows the most frequent in vivo phytochemical
preparations for intraperitoneal, intravaginal, intravenous,
oral, and topical uses. Oral administration, followed by
topical, intraperitoneal, intravaginal, and intravenous admin-
istrations, is one of the most common administration
ways. For oral administration, several types of suspen-
sions, aqueous solutions, direct-plant extract application,
and mouthwashes were also tested. In relation to mouth-
washes, toothbrushes with toothpaste and interdental clean-
ers are, currently, the most common procedures in order
to maintain a correct oral hygiene. However, and despite
some mouthwashes and mouthrinses being also available,
alcohol is commonly used in order to ensure a correct
dissolution of the active ingredients. Its use has been ques-
tioned because the alcohol-containing mouthwashes induce
desiccation of the oral mucosal membranes. Thus, it is
very important to prevent, reduce, and even treat plaque
microbial-associated diseases but also to ensure that the
used preparations are naturally safe and efficient. In this
sense, a mouthwash solution was applied by Chelli-Chentouf
et al. [81] in a children’s school, in order to evaluate not
only its efficiency but also its stability and physicochemical
parameters.

Creams and ointments are the most studied formulations
for topical use in fungal infections, mainly in cases of local
affections, such as excision and incision wounds, and vaginal
infection models. In the last case, intravaginal administration
is the highly indicated, as also cream, solution, or even sus-
pension [70, 79]. Nevertheless, other phytochemical prepa-
rations have also been administered in laboratorial models,
namely, by intraperitoneal [65, 75, 77] and intravenous [78]
ways.
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TABLE 3: Phytochemical preparations evaluated through in vivo laboratorial models.
Application In vivo model Type of formulation Reference
Immunomodulation Solution (water) [65]
Intraperitoneal Intravenous Candida Solution (methanol) [77]
infection Suspension (methanol) [75]
Intravaginal Vaginal infection Cream (o/w emulsion) [70]
Suspension [79]
Intravenous Intravenous Candida infection Solution (water) (78]
Anti-inflammation,
antinociceptive and would . N .
72
healing potential Suspension (0.5% sodium carboxy methyl cellulose (CMC)) (72]
(incision/excision models)
Orall Excision and incision wound Suspension (extract in vehicle) [74]
rally : 0 i
Immunomodulation Suspension (1% sodium carboxy methyl cellulose (CMC)) [66]
Suspension (1% w/v aqueous gum acacia) [67]
Intravenous Candida infection Solution (aqueous) [76]
Oral cavity children affections Mouthwash (water) (81]
Subclinical mastitis Crude extracts (cooked and powder leaves) [80]
Excision and incision Ointment (vehicle) [72]
wound Cream (aqueous) (71]
Topically Cream (aqueous) [73]
Excision wound Ointment (w/w) (69]
Ointment (w/w) [90]
Ointment (vehicle) (68]

It is convenient to highlight that the laboratorial formu-
lations are specifically designed according to the examined
clinical models; that is, for local/topical uses, creams, oint-
ments, and also intravaginal administration comprise the first
choice to evaluate the wound healing and antifungal potential
in externally affected models, while suspensions, solutions,
and mouthwashes are specifically indicated for internal
uses (oral, intraperitoneal, and intravenous) in laboratorial
models, such as in cases of induced systemic infections,
immunomodulation, anti-inflammatory, and antinocicep-
tive, and in some cases healing potential. In addition, in some
phytochemical preparations, histological and histopatholog-
ical studies were also carried out [68-75]. The evaluation
of the tissues architecture between controls, pretreated and
treated models, is of extreme relevance. The obtained results
by these studies allow an effective determination of the toxic
potential but also predict its possible types/ways of use,
providing upcoming information related with its possible
clinical applications.

6. Conclusion and Future Perspectives

Microorganisms are able to provide several benefits to
the host (due to the establishment of symbiotic relation-
ships) but are also responsible for severe health conditions.
Antimicrobial agents are normally effective, but due to their
overuse and related side effects and toxicity, its effective-
ness has been seriously questioned. Plants phenolic extracts

and isolated compounds possess a multitude of healing
properties. Methanol, followed by acetone, water, ethanol,
petroleum ether, methanol-dichloromethane, ethyl acetate,
and n-butanol extracts obtained from leaves, seeds, fruits,
and flowers comprise extremely enriched-phenolic sources.
Despite the pool of phenolic compounds present in phyto-
chemical preparations, only stilbenes (namely, pterostilbenes
and riccardin D) and curcuminoids (curcumin and piperine)
have been studied for their in vivo anti-Candida effects.
Oral (suspension, solution, mouthwash, and crude extracts),
followed by topical (ointment and cream), intraperitoneal
(solution and suspension), intravaginal (cream, solution,
and suspension), and intravenous (solution), phytochemical
formulations were often prepared for in vivo administra-
tion.

In fact, phytochemicals are the basis for the design and
development of new synthetic drugs, but while synthetic
chemical drugs act by a single way, natural matrices are able
to establish synergisms, antagonisms, and even polyvalence
effects. In vitro studies are normally the first choice to evaluate
the healing properties of natural matrices. However, in vivo
studies present a higher importance, Once considers the
organic metabolism and pharmacokinetic and pharmacody-
namic parameters, among other factors.

Overall, and apart from the stated advances, upcoming
specific clinical formulations, ways of administration, and
therapeutic dosage need to be established, being clinical trials
very important to deepen knowledge through more detailed
in vivo studies.
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