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Abstract

Most studies of Brazilian red propolis have explored the composition and biological prop-
erties of its ethanolic extracts. In this work, we chemically extracted and characterized the
essential oil of Brazilian red propolis (EOP) and assessed its adjuvant, antiparasitic and
cytotoxic activities. The chemical composition of EOP was analyzed using gas chroma-
tography with mass spectrometry (GC-MS). EOP was tested for in vitro activity against
Trichomonas vaginalis (ATCC 30236 isolate); trophozoites were treated with different
concentrations of EOP (ranging from 25 to 500 pug/mL) in order to establish the MIC and
IC50 values. A cytotoxicity assay was performed in CHO-K1 cells submitted to different
EOP concentrations. BALB/c mice were used to test the adjuvant effect of EOP. The ani-
mals were divided in 3 groups and inoculated as follows: 0.4 ng/kg BW EOP (G1); 50 ug of
rCP40 protein (G2); or a combination of 0.4 ng’kg BW EOP and 50 ug of rCP40 (G3).
Total IgG, 19G1 and IgG2a levels were assessed by ELISA. The major constituent com-
pounds of EOP were methyl eugenol (13.1%), (E)-B-farnesene (2.50%), and d-amor-
phene (2.3%). Exposure to EOP inhibited the growth of T. vaginalis, with an 1Csq value of
100 pug/mL of EOP. An EOP concentration of 500 ug/mL was able to kill 100% of the T.
vaginalis trophozoites. The EOP kinetic growth curve showed a 36% decrease in tropho-
zoite growth after a 12 h exposure to 500 ug/mL of EOP, while complete parasite death
was induced at 24 h. With regard to CHO-K1 cells, the CCso was 266 pg/mL, and 92%
cytotoxicity was observed after exposure to 500 ug/mL of EOP. Otherwise, a concentra-
tion of 200 ug/mL of EOP was able to reduce parasite proliferation by 70% and was not
cytotoxic to CHO-K1 cells. As an adjuvant, a synergistic effect was observed when EOP
was combined with the rCP40 protein (G3) in comparison to the administration of each
component alone (G1 and G2), resulting in higher concentrations of IgG, IgG1 and IgG2a.
EOP is constituted by biologically active components with promising antiparasitic and
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immunostimulatory activities and can be investigated for the formulation of new vaccines
or trichomonacidal drugs.

Introduction

Currently, the Brazilian propolis is classified in 13 different types, according to its physical-
chemical properties, botanical origin and geographic area where propolis can be collected. Ini-
tially, Park et al. [1] classified propolis samples from different Brazilian regions in 12 groups.
Afterwards, a 13™ type of propolis with peculiar chemical composition was found in hives
located alongside the coast and mangroves in the Brazilian northeast and was called Brazilian
red propolis (BRP) [2]. In the last decade, the chemical composition of BRP has been revealed
and related to its bioactivities. The main chemical components found in BRP are classified as
isoflavones, flavones, flavonols, aurones, chalcones, pterocarpans and xanthones groups [3-6].
The botanical origin of BRP was identified as resinous exudates of Dalbergia ecastophyllum [7],
however, likely a second plant species participates as one of the main sources of resins for BRP
[5].

Due to the variety of chemical compounds of BRP incorporated within the resin mixture,
especially phenolic compounds, many biological activities have been reported like antioxidant
[2,8], antibacterial [9,10], fungicide [11], antiparasitic [10,12], antineoplasic [13,14], anti-caries
[15], cytotoxic [2,10], anti-inflamatory [16,17], antinociceptive [18] and was also beneficial to
the wound healing process [19].

Several experiments and clinical investigations have shown the antiparasitic and adjuvant
properties of the hydroalcoholic extract of propolis (HEP). HEP of different types of propolis
showed antiparasitary efficacy against Giardia lamblia [20,21], Toxoplasma gondii and Tricho-
monas vaginalis [22]. It is important to highlight that T. vaginalis is the etiological agent of
trichomoniasis, the most common non-viral, sexually transmitted disease (STD) in the world
[23]. In addition, metronidazole-resistant T. vaginalis has been implicated in an increasing
number of refractory cases, which are usually treated with increased doses of the drug, leading
to an increase in the occurrence of side effects [24]. Clearly, alternative curative therapies are
needed, and propolis emerges as a natural product for alternative drugs.

Moreover, HEP has been used to formulate veterinary vaccines against bacterial or viral dis-
eases, once some phenolic compounds has presented immunomodulatory activity [25-27]. As
adjuvant, propolis confers to the vaccinal formulation desirable properties, such as reduced
viscosity, good stability, low reactogenicity, low toxicity, and is able to induce a robust humoral
and cellular response [26].

As aforementioned, most of the previous studies describing the biological activities of BRP
uses ethanol as the extraction solvent, and the extraction method influences directly the yield
and selectivity for some compounds [10,28]. Volatile compounds like those found in essential
oils are in low concentrations in propolis, but play an important role by contributing to propo-
lis pleasant aroma and its biological activities. Researchers have applied various methods to
obtain propolis volatiles such as distilllation-extraction or hydrodistillation [29].

On the other hand, studies focusing on essential oils of propolis volatiles are relatively
scarce, most of them dealing with antimicrobial properties against fungus, Gram-positive and
Gram-negative bacteria [29]. Volatiles of propolis from stingless bees were able to stimulate
the immune system of elderly patients by increasing their natural killer cell activity [30]. Essen-
tial oils of Chinese propolis inhibited the proliferation of human colorectal cancer cells by
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inducing cell cycle arrest and apoptosis [31]. However, to the best of our knowledge, there are
no studies describing the chemical composition or the biological activities of the essential oil
derived from the Brazilian red propolis (EOP). Herein, the chemical composition of the EOP
is showed. Still, in vitro trichomonacidal and cytotoxic activities, and the adjuvant action of
EOP in a recombinant vaccine are assessed.

Materials and methods
Red propolis sample collection and essential oil preparation

Red propolis was collected from the municipality of Brejo Grande, located in the state of Ser-
gipe, in northeastern Brazil (S 10°28°25” and W 36°26’12”). Samples were collected in Septem-
ber 2011 and were maintained frozen at —20 °C until use. For the preparation of the essential
oil, conventional hydrodistillation was carried out using a Clevenger-type apparatus. Briefly,
380 g of BRP was transferred to a volumetric flask, and 2 L of distilled water was added. A
heating mantle was placed onto the Clevenger apparatus. The essential oil was extracted after
boiling the mixture for a time period of one hour. The essential oil obtained was collected in
amber vials and stored at 4 °C until use. The total yield obtained was approximately 0.25%.
Gas chromatography-mass spectrometry (GC-MS). Chemical composition analysis
was performed using a gas chromatograph coupled with a mass-selective detector (Hewlett
Packard 6890/MSD5973, Palo Alto, USA) equipped with the HP ChemStation software
and the Wiley 275 library. A capillary column composed of HP-INNOWax fused silica (30
m X 250 pm) of 0.50 um film thickness (Hewlett-Packard, Palo Alto, USA) was used for the
study. The temperature program used was as follows: the column temperature started at 40 °C
(held for 8 min) and was increased to 180 °C at 3 *C/min and then to 230 °C (held for 20 min)
at 20 *C/min; the injector was at a temperature of 250 °C and the interface at 280 °C. The split
ratio was 1:100, helium was the carrier gas (56 kPa), the flow rate was 1 mL/min, the jonization
energy was 70 eV, and the injected volume was 0.4 mL.

Anti-Trichomonas vaginalis activity assay

The T. vaginalis 30236 isolate used for evaluating antiparasitic activity in this study was
obtained from the American Type Culture Collection (ATCC). Trophozoites were axenically
cultured in trypticase-yeast extract-maltose (TYM) medium (without agar; pH = 6.0) supple-
mented with 10% sterile bovine serum (inactivated at 56 °C) and incubated at 37 °C [32].
Cultures with 95% viability, as confirmed through observation of motility, morphology, and
trypan-blue exclusion (0.4%) assay under the light microscope at 400X magnification, were
considered as alive and were used for evaluating the activity of EOP.

All assays were performed in 96-well microtiter plates (Cral™). Parasites were seeded at an
initial density of 2.6 x 10° trophozoites/mL of TYM and incubated in the presence of EOP.
Three experimental controls were also performed: parasites only, the vehicle used for solubili-
zation of EOP (0.6% DMSO) and 100 uM MTZ (metronidazole; Sigma-Aldrich) (as a positive
control). The microculture plates were incubated at 37 °C with 5% CO, for 24 h. Subsequent
to the incubation, a preparation containing trophozoites and trypan blue (0.4%) in a 1:1 ratio
was prepared and counted in a Neubauer chamber. Cultures with 95% viability were utilized
for the assay.

To determine the minimum inhibitory concentration (MIC), different concentrations of
EOP (25, 50, 100, 200, 300, 400, and 500 pg/mL) were tested as described by Hiibner et al. [33],
with some modification. Parasite pellets were used to establish the MIC as well as concentra-
tions below and above the MIC value. Samples used as controls were inoculated in fresh TYM
medium at 37 °C. Parasites were counted in a Neubauer chamber with trypan blue every 24 h

PLOS ONE | https://doi.org/10.1371/journal.pone.0191797 February 1, 2018 3/16


https://doi.org/10.1371/journal.pone.0191797

@° PLOS | ONE

Chemical composition and biological properties of the essential oil from Brazilian red propolis

for 96 h to confirm MIC. The viability of trophozoites was assessed by the exclusion of the try-
pan blue dye as well as by motility and morphology. The ICs5, (half the maximum inhibitory
concentration) values were determined at the same concentrations used for the MIC test.

A kinetic growth curve was constructed in order to obtain a more comparable activity pro-
file of EOP activity against T. vaginalis. The viability of trophozoites was observed under a
light microscope 96 h after incubation with EOP at the required MIC. Growth analysis was
performed at 1, 6, 12, 24, 48, 72, and 96 h by the trypan blue (0.4%) exclusion method and by
the evaluation of motility and morphology. All assays were performed independently at least
three times in triplicate, and the results were expressed as the percentage of viable trophozoites
compared to untreated parasites.

For the Anti-Trichomonas vaginalis activity assay, statistical analysis was conducted using
one-way analysis of variance (ANOVA), and a probability value of p < 0.05 was considered
significant. Tukey’s test was utilized to identify significant differences between the means of
different treatments. GraphPad Prism version 5.0 for Windows (GraphPad Software, USA)
was used for statistical analysis.

Cytotoxicity assay. Chinese hamster ovary (CHO-K1) cells were obtained from the Rio
de Janeiro Cell Bank (PABCAM, Federal University of Rio de Janeiro, R], Brazil) and cultured
as a monolayer in Dulbecco’s Modified Eagle’s Medium (DMEM) (Vitrocell Embriolife) sup-
plemented with 10% fetal bovine serum (FBS) (Vitrocell Embriolife), 1% L-glutamine, and 1%
penicillin/streptomycin. The cells were grown at 37 °C in an atmosphere of 95% humidified
air and 5% CO.,.

The post-treatment proliferation of the CHO-K1 cell line was determined by measuring the
reduction of soluble 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT,
Sigma-Aldrich) to water-insoluble formazan. Cells were seeded in 96-well plates at a density of
2 x 10* cells per well in 100 L volumes and grown at 37 °C in a 5% CO, atmosphere for 24 h
before they were used in the cell viability assay. The cells were then treated with 31.25, 62.5,
125, 250 and 500 ug of EOP for 24 h. DMSO was used as vehicle control (VC), untreated cells
were used as a negative control and 100 pM of metronidazole (MTZ) was used as a positive
control. Following the incubation, 20 L of MTT (Sigma-Aldrich) was added to each well and
the cells were incubated for an additional period of 3 h at 37 °C. Differences in the total cellular
metabolism were detected at a wavelength of 492 nm by using a microplate reader. The inhibi-
tion (%) of cell proliferation was determined as follows: inhibitory growth = (1 — Abs,g, treated
cells / Abs,g, control cells) x 100%. The ICso was calculated using GraphPad Prism version 5.0
for Windows (GraphPad Software, USA). All observations were validated by at least three
independent experiments in triplicate.

Adjuvant assay

Experimental animals. Six- to eight-week-old female BALB/c mice were obtained from
the Central Animal Facility of the Federal University of Pelotas, where the immunization assays
were also conducted. All mice were kept in cages containing wood shavings and bedding and
had free access to water and a maintenance diet ad libitum. A 12-h light/dark cycle at room tem-
perature (21 £ 2 °C) was also maintained. All experiments were performed in compliance with
the procedures of the Brazilian College of Animal Experimentation (COBEA). The Ethics Com-
mission on Animal Experimentation (CEEA) of Pelotas Federal University (UFPel) approved
the project (number 2422). All efforts were made to minimize animal suffering.

Antigen expression and purification. The recombinant endoglycosidase CP40 (rCP40),
derived from C. pseudotuberculosis, was used as an antigen for the adjuvant assay. The pAE/cp40
recombinant plasmid previously constructed by our group [34] was transformed into the
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Escherichia coli BL21 (DE3) Star strain by the heat shock method. The induction of expression
was performed by adding 1 mM of IPTG followed by incubation at 37 °C for 3 h with constant
agitation. Western blotting using a monoclonal anti-6x-His-tag antibody conjugated to peroxi-
dase (Sigma-Aldrich) was used to confirm rCP40 expression. A sepharose-nickel column, His-
TrapTM (GE Healthcare), was used for purification of the recombinant protein. Purity was
determined by 12% SDS-PAGE, and the concentration was measured using a BCA kit (PIERCE).

Immunization assay and blood sample collection. For the immunization assay, the mice
were divided into the following three groups of six animals each: (a) G1: a negative control
group immunized with 0,4 ng/kg BW EOP; (b) G2: inoculated with only 50 pg of rCP40 pro-
tein; and (c) G3: the test group inoculated with 0,4 ng/kg BW EOP plus 50 ug of rCP40. All
doses were prepared in a final volume of 200 pL using sterile saline solution (0.9% NaCl) as a
vehicle and administered via the intramuscular route. The animals were immunized with two
doses administered 21 days apart. Animals were bled at days 0, 21, and 42 post-immunization
to determine the antibody levels. Blood was collected from the retro-orbital sinus with Pasteur
pipettes. All blood collections were performed under anesthesia with 10% ketamine (1 mL/kg)
and 2% xylazine (0.1 mg/kg) (Agener Unido Saude Animal, Brazil). After coagulation, the
blood was centrifuged at 1,500 g for 15 min. The serum was removed and stored at =20 °C.

Assessment of antibody production. Serum samples from the immunized mice were
used in immunoassays (indirect ELISA) for the quantification of total IgG, IgG1 and IgG2a
anti-rCP40 antibodies. Polystyrene 96-well plates (Maxisorp-Nunc) were coated with 100 pL
of a bicarbonate-carbonate buffer (pH 9.8) containing 0.1 ug/well of rCP40 protein. Plates
were incubated for 18 h at 4 °C and washed 3 times with PBS-T (PBS 1X, pH 7.4, 0.1% Tween
20). The plates were then incubated with 200 pL/well of 5% skim milk in PBS for 2h at 37 °C,
for blocking purposes. A three-step wash was then performed. All serum samples obtained
from mice were diluted in PBS (v/v 1:50), and 100 pL of each diluted sample was added to the
plates in duplicate. Plates were incubated for 1 h at 37 °C. After washing three times with
PBS-T, 100 pL/well of anti-mouse IgG conjugated to horseradish peroxidase (Sigma-Aldrich)
was added (1: 5,000 in PBS-T) to the plates in order to detect total IgG prior to the revelation
step. In plates designated for the detection of IgG1 and IgG2a, 100 pL/well of either goat anti-
mouse IgG1 (1: 5,000 in PBS-T) or goat anti-mouse IgG2a (1: 2,000 in PBS-T) was added. The
plates were incubated at 37 °C for 1 h and then washed three times with PBS-T, subsequent to
which 100 pL/well of anti-goat IgG conjugated to horseradish peroxidase (Sigma-Aldrich) was
added (1: 5,000 in PBS-T). The plates were re-incubated for 1 h at 37 °C and then washed five
times with PBS-T. The reaction was developed by the addition of 100 uL/well of the substrate-
chromogen solution [o-phenylenediamine dihydrochloride; OPD tablets (Sigma-Aldrich) in
0.4 mg/mL phosphate-citrate buffer containing 0.04% of 30% hydrogen peroxide, pH = 5.0]
and incubation at room temperature in the dark for 15 min, and it was stopped by the addition
of 50 uL/well of H,SO, solution (4N). Optical density (OD) was determined using a microti-
ter-plate reader (Microplate Reader Mindray MR-96A) set at 492 nm.

Data were analyzed using the software GraphPad Prism version 5.0 for Windows (Graph-
Pad Software, USA). Differences in IgG levels between the groups were analyzed using one-
way ANOVA followed by Tukey’s test for multiple comparisons. The results were considered
statistically significant if p-value <0.05.

Results
EOP chemical components

GC-MS analysis of the red propolis extract enabled the identification of certain compounds
present in the essential oil. A list of these constituents is presented in Table 1. GC-MS is a
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Table 1. Volatile compounds identified by gas chromatography followed by mass spectrometry (GC-MS) of the
Brazilian red propolis essential oil.

Compound Area (%) LRI obtained LRI reference
o-Pinene 0.2 908 907 [37]
o-Cubebene 1.9 1351 1351[37,38]
(-)-Cyperene 0.2 1401 1400 [39]
Methyl eugenol 13.1 1407 1408 [40]
o-Gurjunene 0.5 1412 1412 [41]
B-Caryophyllene 1.5 1422 1422 [42]
trans-o.-Bergamotene 0.6 1438 1438 [43]
(E)-B-Farnesene 2.5 1459 1459 [37]
y-Muurolene 0.2 1479 1479 [44]
o-Curcumene 0.1 1485 1484 [45]
Selinene 0.7 1490 1490 [46]
B-Bisabolene 0.9 1506 1506 [47]
8-Amorphene 2.3 1514 1514 [48]

https://doi.org/10.1371/journal.pone.0191797.t001

reliable method, indispensable in several areas where the analysis of complex mixtures and
unambiguous identification is required, and since volatile compounds are well identified with
GC-MS, this method is suitable for analysis of essential oils [35,36]. Using GC-MS, our study
was able to highlight methyl eugenol (13.1%), (E)-B-farnesene (2.5%), 3-amorphene (2.3%), o.-
cubebene (1.9%), and B-caryophyllene (1.5%) as the major components of the extract.

Anti-Trichomonas vaginalis activity assay

Analysis of the EOP MIC data revealed that at a 500 pig/mL concentration, 100% death of tro-
phozoites was observed. After 24 h of exposure, EOP demonstrated optimal anti-T. vaginalis
activity at a concentration of 500 pg/mL with an ICs; value of 100 ug/mL (Fig 1). The negative
control and DMSO control showed positive motility and did not stain with Trypan blue
(0.4%), whereas the positive control stained blue and exhibited negative motility at the 24 h
time point in all assays performed. When the kinetic growth curve was analyzed, it was

E3 Contrd
a a A g oz
< 100 —
E — B DVeO
f§ 80- = 0D EOP500ug/ml
g — EOP 400ug/mi_
60 E f - L
— LA
T 40 — ;% ED EOP200ug/mL
o 207 — %4 X EOP50ug/mL
— 2924
a = 3% 2 EoP25gint
o_ — (LKL

Fig 1. Trichomonas vaginalis 30236 isolate; MIC and ICs, after 24-hour-treatments with EOP at 25, 50, 100, 200,
300, 400, 500 pg/mL. Data represent mean + standard deviation of at least three experiments, all in triplicate. Different
letters indicate a significant difference (p < 0.05).

https://doi.org/10.1371/journal.pone.0191797.9001
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Fig 2. Kinetic growth curve of the Trichomonas vaginalis 30236 isolate after exposure to EOP at 500 ug/mL for 1
h,6h,12h,24h,48h,72 h and 96 h. Data represent mean + standard deviation of at least three experiments, all in
triplicate. Different letters indicate a significant difference (p < 0.05).

https://doi.org/10.1371/journal.pone.0191797.9002

observed that the exposure to 500 pg/mL of EOP reduced the growth of trophozoites by 36% at
12 h and induced complete parasite death at 24 h (Fig 2).

Cytotoxicity assay

EOP treatment also inhibited proliferation of the CHO-K1 cell line; however, this cytotoxicity
was only significant at 500 ug/mL. No significant cytotoxicity was observed up to 250 pg/mL
in growth inhibition of CHO-K1 cells after 24 h of treatment (Fig 3). The in vitro cytotoxicity
activity of EOP showed ICs, values of 266 and 100 pg/mL in CHO-K1 cells and trophozoites,
respectively, which may indicate selectivity of the EOP treatment at concentrations up to

250 pg/mL. The results enumerated above demonstrate that EOP is an important resource for
future drug development, and its therapeutic potential against various infectious entities mer-
its further study and analysis.

Adjuvant assay

Fig 4 illustrates the results obtained from the ELISA assay designed for analyzing the produc-
tion of anti-rCP40 total IgG, I1gG1, and IgG2a antibodies. The results demonstrate that animals
from group G1 were unable to induce production of IgG and its isotypes. In group G2,
increased total IgG, IgG1, and IgG2a levels were detected on day 42, subsequent to the admin-
istration of two doses of rCP40. Additionally, it was observed that the association of EOP with
rCP40 (G3) leads to the induction of higher levels of IgG and its isotypes. When compared
with groups G1 and G2, group G3 was observed to present a significantly higher increase

(p < 0.05) in total IgG total as well as isotypes IgG1 and IgG2a at days 21 and 42 after the first
immunization (Fig 4A, 4B and 4C); this is demonstrative of the adjuvant effect of EOP. The
day-42 values clearly demonstrate that the association of EOP with rCP40 was able to increase
the levels of total IgG, IgG1 and IgG2a by approximately 7.4, 4.4 and 10.8 fold, respectively,

in comparison to the administration of rCP40 alone. Moreover, group G3 shows more pro-
nounced IgG2a production compared to the production of IgG1 at day 42.
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Fig 3. CHO-KI1 cell viability after treatment with different concentrations of EOP. Cell proliferation in CHO-K1
was investigated by the MTT assay, and metronidazole was used as a positive control. Data are expressed as the
mean = SEM of the viabilities of CHO-K1 cells in three independent experiments. (*) indicates a difference between
the treatments in CHO-KI1 cells. The differences were considered significant at p < 0.05. VC = vehicle control;
MTZ = metronidazole.

https://doi.org/10.1371/journal.pone.0191797.9003

Discussion

Although some Brazilian propolis essential oils, mainly those derived from green propolis,
have been characterized previously [36,49,50], this is the first study to undertake the char-
acterization of BRP essential oil. Only the ethanolic and methanolic extracts of BRP have
been tested being isoflavones the main isolated compounds [18,51,52]. Thus, we hypothe-
sized that the essential oil (EO) of BRP could provide some volatile compounds with impor-
tant biological properties, which are probably lost or eliminated in the other extraction
methods. In fact, methyl eugenol, a phenylpropene, was the major volatile component iso-
lated from EOP and most of the other isolates were classified as sesquiterpenes. Along
similar lines, it is known that the Brazilian green propolis also has a predominance of ses-
quiterpenes. Nerolidol, B-caryophyllene, spathulenol, and §-cadinene have been identified
as other major volatile components of green propolis [29]. Studies have revealed that EO
constituents make up a diverse family of low-molecular-weight organic compounds with
extreme variations in biological activity. Based on their chemical structure, the active com-
pounds of EOs can be divided into four major groups: terpenes, terpenoids, phenylpro-
penes, and “others” [53].

Some of the volatile compounds present in EOP have already been credited with having
antiparasitic activity. These chemical entities include B-caryophyllene, a-pinene, o-bergamo-
tene, and (E)-B-farnesene [54,55]. Additionally, methyl eugenol isolated from the essential oil
extracted from the plant Agastache rugosa showed significant nematicidal activity against
Meloidogyne incognita [56]. Methyl eugenol is a specific constituent of Brazilian red propolis,
among another types of propolis, which was revealed for the first time in 2008 [57]. Therefore,
in this work, we hypothesized that methyl eugenol, a phenylpropene with the major concentra-
tion in EOP and the sesquiterpenes may be responsible for the antiparasitic activity against

PLOS ONE | https://doi.org/10.1371/journal.pone.0191797 February 1, 2018 8/16


https://doi.org/10.1371/journal.pone.0191797.g003
https://doi.org/10.1371/journal.pone.0191797

@° PLOS | ONE

Chemical composition and biological properties of the essential oil from Brazilian red propolis

IgG Total

Absorbance (492 nim)
(IR

e €
28
Gl - ECP
E 24 B3 &-rCP0
§ 20 B &B-ECP+rCP40
b4 1.6
1.2
0.8 a
2: a ell a b kl)';' e :ﬁ
Day O Day 21 Day 42
4B Days after inmunization
lgG2a
28
B GI-ECP
E 24 £3 &@-rCP0
§ 20 B &G-ECP+rCP40
- 1.6+ a
1.24
0.8+
a
EH a a a b b c B
00 T
Day O Day 21 Day 42
ac Days after immunization

Fig 4. Anti-rCP40 total IgG (4A), IgG1 (4B) and IgG2a (4C) levels in immunized mice treated with EOP and
recombinant endoglycosidase CP40 from C. pseudotuberculosis (rCP40), either separately or together.
Measurements were taken on day 0 and then 21 and 42 days post-immunization. Data represent means + standard
deviations of IgG levels in the sera collected from 6 animals/group. Different letters in the same experimental day
indicate a significant difference (p < 0.05).

https://doi.org/10.1371/journal.pone.0191797.g004

T. vaginalis exhibited here. However, further studies should be performed with the isolated
constituents of EOP to identify the specific antiparasitic agents.

In spite of the anti-T. vaginalis activity, a higher cytotoxicity level was observed at the EOP
concentration that presented 0% viability of trophozoites after 24 h of exposure (500 ug/mL)
compared to a lower concentration (200 pg/mL), which was not toxic for CHO-K1 cells but
reduced parasite proliferation by 70%. Therefore, it is hypothesized that cytotoxicity could be a
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limiting factor for the parenteral use of EOP, but its use in topical forms for the treatment of
trichomoniasis, through topical vaginal application, appears to be an interesting alternative. It
is well known that topical application allows for the delivery of higher drug concentrations to
the vaginal epithelium at lower treatment doses [58].

A previous study has evaluated the effects of compounds with guaiacyl and syringyl struc-
tures (as degradation products of lignin) and natural aromatic acids and their aldehydes on T.
vaginalis and found that the tested compounds exhibited antiparasitic activity with MIC values
ranging from 10 to 200 pg/mL. Isoeugenol, a phenylpropene generated by a propenyl-substi-
tuted guaiacol, was the most potent effector against T. vaginalis with a MIC value of 10 ug/mL
[59], which is much lower than MIC found here for EOP. Since EOP is a complex mixture
containing mainly methyl eugenol, a phenylpropene with similarities with isoeugenol in chem-
ical structure, and sesquiterpenes in low concentrations, it is expected a different biological
result in comparison to the use of each isolated compound.

In addition, some studies have revealed that red propolis extracts from different geographi-
cal regions have significant potential as antiparasitic agents. The ethanolic extract of red prop-
olis obtained from Nigeria, when tested against Trypanosoma brucei, demonstrated potent
antiparasitic activity in both sensitive and resistant strains [60]. In another study, four samples
of ethanolic extracts of Brazilian propolis were tested against Leishmania amazonensis. Three
extracts of green propolis and one of red propolis were tested, and all of them were capable of
reducing parasite loads in infected macrophages. Nevertheless, the extract obtained from BRP
showed maximal activity against L. amazonensis while being non-toxic to the macrophage cul-
tures [61].

Recently, the antiparasitic activity of BRP has attracted the attention of researchers. Poly-
meric nanoparticles of the BRP extract and the ethanolic extract of BRP have demonstrated
anti-leishmanial activity against L. (V.) braziliensis, with ICs values of 31.3 pug/mL and
38.0 ug/mL, respectively, demonstrating the potential of BRP in the composition of pharma-
ceuticals for leishmaniasis therapy [12]. Additionally, when ethanolic extracts from various
types of green, brown and red propolis from different regions of Brazil were tested against Try-
panosoma cruzi Y-strain epimastigotes, an inhibitory effect on parasite growth was observed in
the first 24 h for all the types of propolis. However, only the ethanolic extracts of BRP pre-
sented a persistent T. cruzi-inhibitory effect after 96 h, suggesting red propolis as a potential
alternative for the therapeutic treatment of Chagas disease [10].

In this study, we also confirmed that EOP has the potential to be used as an adjuvant in a
veterinary vaccine formulation. In our study, a recombinant endoglycosidase CP40 (rCP40),
encoded by the cp40 gene of C. pseudotuberculosis, was used as the antigen as its antigenic
properties have been previously confirmed [34,62]. Our results confirmed that association of
the rCP40 protein with EOP improves the immune response to this target compared to the
administration of either of these components alone. We observed that the combination of the
rCP40 with EOP led to IgG absorbances higher than those found by other researchers using
traditional adjuvants such as saponin or Freund’s complete adjuvant [34]. Herein, we used for
the first time EOP as an adjuvant. In fact, this is the first study to evaluate the effect of BRP as a
vaccinal adjuvant.

Compared to the administration of rCP40 alone, a combination of the recombinant protein
with EOP was able to induce increases of 7.4-, 4.4- and 10.8-fold higher levels of total IgG,
IgGl, and IgG2a, respectively. One of the most important challenges currently facing adjuvant
research is the search for the ‘perfect mix’: an optimal, safe formulation whose different com-
ponents are not only additive but also synergistic in nature, and whose administration gives
rise to the desired robust immune response [63]. In this study, we observed a synergistic effect
when EOP was associated with rCP40. Along similar lines, another recent study has reported

PLOS ONE | https://doi.org/10.1371/journal.pone.0191797 February 1, 2018 10/16


https://doi.org/10.1371/journal.pone.0191797

@° PLOS | ONE

Chemical composition and biological properties of the essential oil from Brazilian red propolis

that the use of 3% palm oil with a bacterin of recombinant E. coli carrying the Omp40 protein
resulted in an enhancement of IgG levels and of CD4" and CD8" T-cell responses, while
administration of the bacterin without adjuvant failed to stimulate the humoral and cell-medi-
ated immunities [64].

Until 42 days after immunization, the IgG2a production levels were higher than those
observed for IgG1, which is indicative of a T-helper 1 cell (Th1) response. In mice, Th1 cells
aid in the activation of macrophages and cytotoxic T-cells and in the production of opsonizing
and complement-activator immunoglobulin isotypes, such as IgG2a. Hence, it is widely
believed that the primary function of Th1 cells is the generation of immunity against intracel-
lular pathogens [34,65]. Vaccine formulations that enhance Th1 levels and CD8" T-cell
responses are highly sought after as they are effective for immunization against pathogens for
which there are no currently licensed vaccines (examples: HIV-AIDS, malaria, and tuberculo-
sis) [66]. EOP has the potential to serve as an excellent adjuvant for immunization purposes.
Once propolis is considered both safe and non-toxic when administered to animals or humans
[26], EOP could be a good adjuvant to be used in important vaccines, and further investiga-
tions using this substance should be conducted.

The immunostimulatory effect of EOP may be attributed to the high levels of methyl euge-
nol (13.1%). Eugenol is a phenylpropene that is commonly found in essential oils; previous
studies have established that eugenol stimulates the immune response in mice by promoting
the T-cell response and natural killer activity [67]. It is also possible that sesquiterpenes could
be involved in the adjuvant effect of BRP essential oil as it is known that they also activate the
immune system by influencing local inflammation and promoting phagocytosis [68].

Most of the studies involving the effect of BRP on the immune system are recent and have
extensively investigated the in vivo and in vitro effects of hydroalcoholic extracts of BRP on
the inflammation process [16-19,69,70]. BRP reduces nitric oxide levels and diminishes the
levels of some pro-inflammatory cytokines, chemokines and genes associated with inflamma-
tory signaling in macrophages [16,17]. Additionally, BRP modulates neutrophil migration by
interfering in rolling and adhesion processes through reduction of the levels of TNF-a, IL-18,
CXCL1/KC and CXCL-2/MIP-2 and reduction of calcium influx [70]. In vivo, BRP has been
seen to promote protective effects against ulcerative colitis in a rat model, reducing gross and
histological inflammatory lesions and decreasing the levels of myeloperoxidase and iNOS in
colon tissue [69]. Moreover, mice treated orally with BRP showed improved cutaneous wound
healing through faster wound closure, reduction of inflammatory infiltrate, and downregula-
tion of the transcription factor pNF-xB and the inflammatory cytokines TGF-f, TNF-o and
IL-6 [19]. Antinociceptive activity of BRP towards neurogenic and inflammatory pain in mice
was also observed without emotional and motor side effects [18].

The immunomodulatory properties of propolis seem to be contradictory since propolis
sometimes acts in the inhibition, as in the anti-inflammatory properties, and other times in
the stimulation of the immune system, as in the adjuvant properties. This phenomenon is
probably caused by the chemical complexity of propolis as a result of the synergism among the
components, which can be varied according to the methods of extraction of the bioactive com-
pounds [71].

Conclusion

The EOP was observed to exhibit a promisingly high level of antiparasitic activity, with cyto-
toxicity seen at higher concentrations of EOP. However, further studies using lower concentra-
tions of EOP for topical application should be performed with the aim of reducing cytotoxicity
levels and achieving potent localized action in the treatment of trichomoniasis. Our study also
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demonstrated the potential use of EOP as a vaccine adjuvant since the administration of EOP
along with rCP40 was seen to increase IgG production. The results of this study shed light on
several new properties of EOP and underline the importance of exploring its potential as an
additional option for the treatment of trichomoniasis and as a vaccine adjuvant. Furthermore,
studies dedicated to revealing the potential and the importance of EOP in other biological
activities are encouraged, due to EOP chemical complexity.
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