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Abstract: A large body of evidence highlights that propolis exerts many biological functions
that can be ascribed to its antioxidant and anti-inflammatory components, including different
polyphenol classes. Nevertheless, the molecular mechanisms are yet unknown. The aim of this
study is to investigate the mechanisms at the basis of propolis anti-inflammatory and antioxidant
activities. The effects of two brown and green propolis extracts—chemically characterized by
RP-HPLC-PDA-ESI-MSn—on the expression levels of miRNAs associated with inflammatory
responses (miR-19a-3p and miR-203a-3p) and oxidative stress (miR-27a-3p and miR-17-3p), were
determined in human keratinocyte HaCat cell lines, treated with non-cytotoxic concentrations.
The results showed that brown propolis, whose major polyphenolic components are flavonoids,
induced changes in the expression levels of all miRNAs, and was more active than green propolis
(whose main polyphenolic components are hydroxycinnamic acid derivatives) which caused changes
only in the expression levels of miR-19a-3p and miR-27a-3p. In addition, only brown propolis was
able to modify (1) the expression levels of mRNAs, the target of the reported miRNAs, which code
for Tumor Necrosis Factor-« (TNF-«), Nuclear Factor, Erythroid 2 Like 2 (NFE2L2) and Glutathione
Peroxidase 2 (GPX2), and (2) the protein levels of TNF-« and NFE2L2. In conclusion, brown and
green propolis, which showed different metabolite profiles, exert their biological functions through
different mechanisms of action.

Keywords: brown and green propolis; anti-inflammatory activity; antioxidant activity; microRNAs;
mRNAs; proteins

1. Introduction

Propolis, also known as bee glue, is a complex mixture, produced by bees, mainly Apis mellifera L.
It contains resin and other materials (lipophilic material from leaves, mucilage, gum, latex) collected
by bees from various botanical sources—plant leaves, buds and exudates—which are digested by bee
saliva enzymes and mixed with beeswax.
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About 50% of propolis is comprised of plant resin, with beeswax accounting for approximately
a further 30%. Of the remainder, about 10% is essential oils, 5% is pollen and 5% is other organic
substances. Propolis also contains vitamins, including B1, B2, B6, C and E, and amino acids, derived
from the bees’ metabolisms [1,2]. Propolis also contains some mineral elements, such as Mg, Ca, I,
K, Na, Cu, Zn, Mn and Fe [3], and heavy metals, such as Cd, Hg, and Pb [4]. The first studies on the
chemical characterization of propolis date back to the beginning of the 20th century [5]. With progress
being made in analytical methods, more than 300 compounds have been identified in propolis to date,
including flavonoids, terpenoids, phenolic acids and phenolic esters and sugars.

As far as biological activities are concerned, there are hundreds of studies present in
the scientific literature supporting the healthy properties of propolis, such as gastroprotective,
hepatoprotective [6,7], immunomodulatory [8], wound healing [9,10], antidiabetic [11,12], and
antineoplastic properties [10]. These are ascribed to the three main activities of propolis, namely
antioxidant [13], anti-inflammatory [8], and antimicrobial [14] activities.

One of the most studied properties of propolis is its antioxidant capacity [10]. The main
compounds responsible for this activity are caffeoylquinic acid derivates, which show higher radical
scavenging activity than most common antioxidants, such as vitamin C and vitamin E. In addition,
caffeic acid phenethyl ester (CAPE) exerts protective effects on the lipid peroxidation of erythrocyte
membranes [15]. The strong antioxidant activity of propolis suggests that it could be used as an
ingredient in the preparation of functional foods and food supplements, and may be useful in the
prevention and dietary management of patients with chronic diseases caused by oxidative stress [13].
For instance, in 2004, Lahouel et al. found that propolis can also have protective effects against drug
side effects and cancer chemotherapeutic agent toxicity. They studied the effects of oral administration
of propolis extract (60 mg/kg), for 14 days, in Wistar rats treated with cyclophosphamide, vinblastine
and paracetamol—three chemotherapeutic drugs with high hepatotoxic activity, which deplete hepatic
glutathione and induce lipoperoxidation. Rats supplemented with propolis had clearly lower drug
toxicity effects following the treatment, likely owing to the action of propolis flavonoids on glutathione
and glutathione-S-transferase turnover, which permitted the capture of reactive metabolites from the
chemotherapeutic drugs [16].

As an anti-inflammatory agent, propolis has been shown to inhibit the synthesis of prostaglandins,
activate the thymus, help the immune system by promoting phagocytic activity, stimulate cellular
immunity and improve curative effects in epithelial tissues [8]. Based on literature data, CAPE
blocks the release of interleukin 13 (IL-1f) through the inhibition of Nuclear Factor kB (NF-kB)
activity. Propolis flavonoids and CAPE have been compared to the cyclooxygenase (COX) inhibitor,
indomethacin (IM), and the lipoxygenase (LOX) inhibitor, nordihydroguaiaretic acid (NDGA), and
were found to have the same effects as IM and NDGA [17]. In addition, a study showed that
CAPE inhibits the release of inflammatory cytokines and simultaneously increases the production of
anti-inflammatory cytokines, such as IL-10 and IL-4. The same research showed that CAPE decreases
the infiltration of inflammatory cells, such as neutrophils and monocytes [18].

In regard to epigenetic mechanisms, microRNAs (miRNAs) play a very important role in the
regulation of gene expression. They are a class of endogenous non-coding RNA, consisting of about
22 nucleotides, which are able to regulate gene expression at the post-transcriptional level. They exert
their functions by binding complementary sequences on messenger RNA (mRNA) targets, interfering
with the translation process and preventing or altering gene expression [19].

There are some studies on the epigenetic effects of propolis in the current scientific literature.
In a 2014 research article, Kumazaki et al. showed that two propolis cinnamic acid derivatives,
baccharin and drupanin, induce apoptosis in human drug-resistant colon cancer cells by increasing the
expression level of anti-oncogenic miR-143, which leads to down-regulation of its target gene, Erk5,
and consequently contributes to cell cycle arrest [20]. Similar findings were provided by Cuevas et
al.,, who observed an attenuation in atherosclerotic lesions in low density lipoprotein receptor gene
knockout mice, which was related to an overexpression of miR-181a, miR-106a and miR-20b, which
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are involved in the modulation of pro-angiogenic factors [21]. In 2015, a study on Chilean propolis
corroborated the epigenetic effect of this product by showing an overexpression of miR-19b, which
targets the mRNA coding for proangiogenic proteins, in human endothelial cells [22].

Despite a great number of reports on the antioxidant and anti-inflammatory properties of propolis,
its molecular mechanisms are, as yet, unknown. Thus, the aim of this study is to investigate the effects
of two types of propolis extracts—characterized by RP-HPLC-PDA-ESI-MSn—on the expression levels
of miRNAs, mRNAs and proteins associated with oxidative stress and inflammatory responses in
human keratinocyte HaCat cell lines. These were selected because they represent the most abundant
cell type in the epidermis, and are highly present in the oral cavity—the main route for administration
of propolis products.

In this research, we have particularly focused our studies on propolis from Brazil, which is
characterized by a green color, and propolis from Europe, which is characterized by a brown color. The
green tint of Brazilian propolis is a consequence of its botanical origin, as Brazilian bees primarily collect
resin from the young plant tissues of Baccharis dracunculifolia DC, a shrub in the Asteraceae family,
widespread in southern Brazil, which contains a high concentration of chlorophyll [23]. European
propolis is principally derived from resins of the Populus species (P. alba, P. nigra, P. tremula) [24].

2. Materials and Methods

2.1. Sample Preparation

In order to evaluate the activity of green and brown propolis samples in miRNA transcription,
a sample of hydroglyceric extract was prepared.

This sample was obtained using the Multi Dynamic Extraction (MED) method [25], as recorded
by B Natural S.r.l., a company which delivers and prepares propolis samples, using water—alcohol
extraction, with varying concentrations of alcohol, thus allowing for the extraction of all polyphenolic
compounds present in the raw propoevolis material, regardless of their varying levels of solubility.
The concentrate thus obtained was subsequently dissolved in glycerin. The MED® method allows
the elimination of inactive resins, leading to the production of a complex concentrate, which is rich in
polyphenols and in the glycosylated polyphenolic fraction in particular. This process includes several
steps for the preparation of polyphenol-rich propolis whole extracts. These consist of an initial aqueous
extraction from dewaxed raw propolis, a series of extractions on the residue using an ethanol/water
mixture, with each extraction being carried out on the residue from the preceding extraction using
a higher degree of alcohol, and finally the combination of water and water—ethanol extracts, with
optional concentration or formulation steps to prepare for further testing.

The raw propolis samples were processed as follows:

- Aqueous extraction, to remove waxes and impurities from raw materials, using a 1:1
solvent/propolis ratio, at 80 °C for 10 h and with 100 Watt ultrasounds. After cooling at 8 °C, the
solution was filtered with a 30 um filter.

- Three hydro-alcoholic extractions, one for each insoluble residue of the preceding extraction step,
carried out using different alcoholic degrees and temperatures, from 4 to 36 h, with a fixed 1:1
solvent/propolis residue ratio. Each extraction step was followed by a sample cooling step at
circa 15 °C, a filtration step with a 30 to 50 um filter and a concentration step using a rotating
evaporator, to obtain a soft mixture.

e8] The first extraction step used a water/ethanol mixture with an alcoholic concentration
ranging from 35 to 40 alcoholic degrees, at 50 °C;

(2 The second extraction step used a mixture with an alcoholic concentration ranging from
55 to 60 alcoholic degrees, at 70 °C;

©)] The third extraction step used a mixture with an alcoholic concentration ranging from 70

to 80 alcoholic degrees, at 80 °C.
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- Concentration: the combined extracts were mixed and concentrated to a residual humidity value
ranging from 15 to 20% by weight.

- Dissolution in glycerin: the concentrated extracts were evaporated to remove ethanol. The dough
was mixed with hot glycerin and water for 2 h within a mixer, and then cooled at 10 °C to give
a non-alcoholic liquid. After precipitation the solution was filtered twice, using a 30 um and
a 10 um filter.

2.2. Analyses of Propolis Extracts (RP-HPLC-PDA-ESI-MSn)

The chromatographic analyses were performed by means of the RP-HPLC-PAD-ESI-MSn method,
set up by Cui-ping et al., with some modifications [26]. The chromatographic analyses were performed
using a Thermo Finnigan Surveyor Plus HPLC, equipped with a quaternary pump, a Surveyor UV-Vis
diode array detector and a LCQ Advantage ion trap mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA). Xcalibur software (2.0 SR2, Thermo Fisher Scientific, Waltham, MA, USA) was
used to control the HPLC instrumentation and to analyze the data. Compound separation was
obtained with an analytical Synergi Fusion RP-18 column (150 x 4.6 mm, 5 um), equipped with a
Hypersil Gold C18 precolumn (10 x 2.1 mm, 5 um), all produced by Phenomenex (Torrance, CA,
USA). The mobile phase used was acidified water, with 0.1% formic acid (eluent A) and methanol
(eluent B). The run time was 110 min in total, including the reconditioning of the column. The flow
rate was maintained at 1.00 mL/min, and the temperatures of the autosampler and column were kept
at 4 and 33 °C. The volume of injection was set to 5 pL. The elution method is described in Table 1.
Chromatograms were registered at 5 different wavelengths (A), equal to 254, 280, 330, 370 and 395 nm.
The HPLC-ESI-MSn data were collected using Xcalibur software under a negative ionization mode.
For this purpose, the ion trap was set in full scan mode to detect all mass-to-charge ratios (m/z) in
the selected range, data dependent scan, and MSn mode, in order to obtain further discrimination
between compounds.

Table 1. RP-HPLC-PDA-ESI-MSn analysis elution method.

Time (min) % Eluent A % Eluent B

0 85 15

30 60 40

65 45 55

70 38 62

85 0 100

90 0 100
100 85 15
110 85 15

2.3. Cell Culture

Human keratinocyte cell lines (HaCaT, code BS CL 168) from the IZSLER Institute (Instituto
Zooprofilattico of Lombardy and Emilia Romagna) were selected for this study. Dulbecco’s Modified
Eagle Medium (D-MEM) High-Glucose was used as the culture medium (complete medium),
supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine (2 mM) and antibiotics (penicillin,
100 IU/mL and streptomycin, 100 ug/mL). Cells were grown in sterile conditions and kept at 37 °C in
an atmosphere with 5% carbon dioxide.

2.4. Cell Viability Test

Preliminary experiments, using an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay, have allowed us to identify non-cytotoxic concentrations of propolis. HaCat cells were
seeded in 96-well plates, at a density of 1.5 x 10* cells per well and incubated at 37 °C with 5% CO5.
The HaCat cells were treated with propolis extracts 24 h after seeding. The extract was weighed and



Nutrients 2017, 9, 1090 50f17

dissolved in complete culture medium, at a concentration of 25 mg/mL. Subsequent serial dilutions
(1:2) were prepared to reach the final concentration of 0.019 mg/mL. The control solution was prepared
using 90% glycerol (from B Natural S.r.l.) and 10% H,O, and was tested under the same conditions,
in order to exclude its direct cytotoxicity. The treatments were performed for 24 h. At the end of this
period, and after morphological observation under a microscope, 10 uL of the stock 5 mg/mL of MTT
in phosphate-buffered saline (PBS) were added to the HaCat cells, for 2 h, at 37 °C. At the end of the
incubation period, after removal of the culture medium and washing with PBS, cells were added to
100 pL of DMSO to solubilize the formazan crystals. Spectrophotometric readings were then carried
out at a wavelength of 570 nm. Cell viability was calculated by measuring the optical densities of
treated samples compared to control samples (cells plus glycerol). Each value given in the results
represents the mean + standard deviation of three independent experiments, each consisting of three
replicates [27].

2.5. Cell Treatment with Green and Brown Propolis

HaCat cells were seeded in Petri dishes at a density of 1.5 x 106, for 24 h. Cells were treated for
a further 24 h with the first three non-cytotoxic concentrations of propolis extracts: 3.125 mg/mL,
1.56 mg/mL, 0.78 mg/mL. Untreated cells were used as controls. Cells were collected and counted at
the end of the incubation period, according to the standard protocol, which includes a brief wash in
PBS to eliminate the supernatant. The resulting pellets were stored at —80 °C.

2.6. RNA Extraction and miRNA Real-Time PCR

Total RNA was extracted from the cell pellets using the miRNAeasy Mini Kit Qiagen, according
to manufacturer’s instructions [28].

Quantitative RNA analyses were performed using a fluorometric method with a Qubit tool
(Invitrogen, CA, Grand Island, NY, USA), using the Quant-iT RNA Assay Kit (sensitivity from 5 to
100 ng) with the following protocol: 2 uL. of RNA were added to 200 pL of a “working solution”,
obtained by mixing 1 puL of Qubit RNA reagent with 199 uL of Qubit RNA buffer. The quantification
was performed following calibration of the instrument using appropriate standards (0 and 10 ng/mL).

The total RNA was retro transcribed to a DNA copy (cDNA) using the miRCURY LNATM
Universal RT microRNA PCR Kit. This reaction only targets mature miRNA from the total RNA
pool. The retro transcription protocol is as follows: 4 uL of total RNA (5 ng/L) was added to 4 pL of
5 X reaction buffer, 2 uL. of enzyme mix, 1 uL of synthetic spike-in and 9 uL of nuclease free water.
The mixture was then incubated in a thermocycler (SureCycler 8800-Agilent Technologies, Cernusco
sul Naviglio, Milano, Italy) at 42 °C for 1 h, then 95 °C for 5 min and then immediately cooled to 4 °C.

In order to evaluate the expression of miRNAs, RT-PCR reactions were set up using the EcoTM
Real-Time PCR System (Illumina, Milano, Italy) instrument and the Universal cDNA Synthesis Kit
and SYBRR Green Master Mix. The PCR reaction was performed with a volume of 10 uL, containing
4 pL of cDNA, diluted 1:80, 5 uL of SYBRR Green Master Mix, and 1 puL of miR-19a-3p, 17-3p, 27a-3p,
203a-3p probes, provided by Euroclone (Pero, Milano, Italy). The reaction conditions were as follows: a
first step at 95 °C for 10 min, 45 amplification cycles at 95 °C for 10 seconds, followed by a step at 60 °C
for 1 min. The U6 small nuclear RNA (snU6) was used to normalize the expression data of miRNAs
and each assay was performed in triplicate. To evaluate the levels of mRNA, coding for TNF-, NFE2L2,
MnSOD, GPX2 and TrxR2, RT-PCR reactions were performed with the AriaMX Real Time PCR System,
using Brilliant III Ultra-Fast SYBR® Green RT-PCR Master Mix (Agilent, Cernusco sul Naviglio, Milano,
Italy), according to the manufacturer’s protocol. Primers were designed using Primer-BLAST software
(available online on 10 July 2017 at http://www.ncbi.nlm.nih.gov/tools/primer-blast). The sequences
for the used primers were:

TNF-« forward: 5'-CATCCAACCTTCCCAAACGC-3’
TNEF-« reverse: 5'-CTGTAGGCCCCAGTGAGTTC-3/
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NFE2L2 forward: 5'-CAGTCAGCGACGGAAAGAGT-3
NFE2L2 reverse: 5-ACGTAGCCGAAGAAACCTCA-3’
MnSOD forward: 5'-AAACCTCAGCCCTAACGGTG-3’
MnSOD reverse: 5'-CCAGGCTTGATGCACATCTTA-3’
GPx2 forward: 5-GAGGTGAATGGGCAGAACGA-3’
GPx2 reverse: 5'-CTCTGCAGTGAAGGGGACTG-3'
TNF-« forward: 5'-CCTCTCTGCCATCAAGAGCC-3’
TNF-« reverse: 5-TTGAGTAACTTCGCCTGCGT-3'
TRXR2 forward: 5'-CCCTATCCCAGTGTTCCACC-3’
TRXR2 reverse: 5'-AAGGTTCCACGTAGTCCACC-3’

2.7. Protein Analyses

The analyses of protein expression levels were performed using an Enzyme-Linked
Immunosorbent Assay (ELISA) with the microplate reader FLUOstar® Omega by BMG Labtech
(BMG Labtech, Ortenberg, Germany). TNF-«, NFE2L2, GPX2, Manganese Superoxide Dismutase
(MnSOD) and Thioredoxin Reductase 2 (TRXR2) were quantified in the culture supernatants using
a Cloud-Clone Corp Kit (respectively SEA133Hu, SEL947Hu, SEC993Hu, SES134Hu and SED376Hu
kits) in 96-well plates (Cloud-Clone Corp, Houston, TX, USA)

In brief, the culture supernatant was added to 100 uL of standard diluent, and then incubated
for 1 h at 37 °C. After the removal of liquid, 100 pL of detection reagent A was added and incubated
for 1 h at 37 °C. Plates were then washed with 350 pL of wash solution 3 times. Next, 100 uL
of detection reagent B was added and incubated for 30 min at 37 °C. After adding horseradish
peroxidase-conjugated monoclonal antibodies, with the detection reagents A and B, and following
a repeat wash process for a total of 5 times, samples were incubated with 90 uL of colorimetric substrate
solution (3,3',5,5' -tetrametylbenzidine) for 20 min at 37 °C, and then 50 pL of stop solution was added.
Finally, a colorimetric measurement was conducted at 450 nm.

2.8. Statistical Analyses

The cellular effects of the treatments were tested using mixed models, in which treatments with
different concentrations of a substance were considered to be a fixed effect, and the sending cell culture
was considered to be a random effect. Significant values were taken to be p < 0.05.

Statistical analyses of quantification cycle (Cq) values were carried out using software R (ver. 3.0.3,
R e2sCore Team, 2014) (Vienna, Austria). Differences between group means were estimated using
a one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test, with measurements of
p < 0.05 being taken as significant.

3. Results

To evaluate the potential effects of propolis on the expression of miRNAs associated with oxidative
stress and inflammatory processes, the human keratinocyte cell line HaCat was treated with chemically
characterized green and brown hydroglyceric propolis extracts, obtained as reported in the Materials
and Methods section.

3.1. Propolis Extracts RP-HPLC-PDA-ESI-MSn Analyses

RP-HPLC-PAD-ESI-MSn analyses of the propolis extracts led to the identification of 16 compounds
in each propolis sample, as shown in Tables 2 and 3.

Identification was performed through the comparison of experimental data (chromatographic
behavior, UV-Vis, MS and MSn spectra) with the literature, and with commercially available standard
compounds, where possible. Figures 1 and 2 show green and brown propolis extract chromatograms,
acquired at 330 nm.
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Table 2. Identified compounds in green propolis by RP-HPLC-PDA-ESI-MSn analyses, registered at

330 nm.

Peak n RT * (min) mlz MS? mlz Proposed Structure Area %
1 12.39 179 135 caffeic acid 24
2 17.36 163 119 p-coumaric acid 10.5
3 20.12 193 149; 134 ferulic acid 0.2
4 25.67 287 269 dihydrokaempferol 0.4
5 28.75 515 353 dicaffeoylquinic acid 2.6
6 37.21 271 253; 165; 151; 243 pinobanksin 3.4
7 39.48 301 283; 255; 215; 187 not identified
8 53.79 247 203; 204 not identified
9 57.02 255 213; 151 pinocembrin 0.2
10 58.55 285 257 kaempferol 24
11 59.57 231 187 drupanin 72
12 63.01 313 253; 271 pinobanksin-3-O-acetate 0.4
13 65.96 253 209 Chrysin 0.2
14 69.83 315 300; 271 quercetin-3-methyl-etheror ) g

quercetin-4-methyl-ether
15 71.45 299 284 luteolin-methyl-ether 3.4
16 76.72 315 300; 271 quercetin-3-methyl-etheror 5 o

quercetin-4-methyl-ether
17 77.73 329 314; 299 quercetin-dimethyl-ether 4.0
18 80.13 299 200; 255 artepillin C 74
Cinnamic Acid Derivatives 30.5
Flavonols and Dihydroflavonols 17.0

: o,

Flavonoids (Area 20.8%) Flavones and Flavanone 3.8

* RT = retention time.

Table 3. Identified compounds in brown propolis by RP-HPLC-PDA-ESI-MSn analyses, registered at

330 nm.

Peak n RT * (min) mlz MS2 mlz Proposed Structure Area %
1 2.10 225 (4112? and 179 caffeic acid 1.1
2 23.00 193 193; 149; 134 ferulic acid 6.3
3 32.46 137 93 p-hydroxybenzoic acid 8.5
4 33.76 285 241; 257 kaempferol 1.9
5 39.26 271 253; 243; 151; 165; 107; 225 pinobanksin 3.7
6 54.92 269 117; 149; 225 apigenin 1.8
7 56.04 315 300; 228 quercetin-3-methyl-ether 0.7
8 59.98 329 314; 299; 285 quercetin-dimethyl-ether 0.6
9 61.19 255 213; 187; 151 pinocembrin 5.1
10 68.72 313 253; 271; 299 pinobanksin-3-O-acetate 1.0
11 71.35 253 209 chrisin 7.8
12 73.06 269 (538) 227 galangin 7.1
13 75.20 283 239; 268 galangin-5-methyl-ether 1.1
14 76.48 327 253; 271 pinobanksin-3-O-propionate 0.9
15 78.83 373 279; 161; 277; 256; 305; 258 not identified
16 79.71 341 271; 253 pinobanksin-3-O-butyrate 0.5
17 80.33 389 295 not identified
18 81.58 355 253; 271; 225 pinobanksin-3-O-pentanoate 0.2

Hydroxycinnamic Acids 6.4

Flavonoids (Area 32.4%) Flavonoids and Dihydroflavonoids 22.8
Flavones 9.6

Phenolic Acid 8.5

* RT = retention time.
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Figure 1. Green propolis extract chromatogram, registered at 330 nm.
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Figure 2. Brown propolis extract chromatogram, registered at 330 nm.

In the green propolis, six hydroxycinnamic and cinnamic acid derivatives and 11 flavonoids were
identified; the percentages of the sum of their peak areas were 30.5% and 20.8%, respectively. In brown
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propolis, two hydroxycinnamic acids, 13 flavonoids, and one phenolic acid were identified. In contrast
to green propolis, in brown propolis the major components were found to be flavonoids (sum of peak
area 32.4%), followed by phenolic acids (peak area 8.5%) and hydroxycinnamic acid derivatives (sum
of peak area 6.4%). Among the flavonoids, brown propolis showed a higher content of flavonols and
dyhydroflavonols and a content of flavones greater than double those determined in green propolis.
These results are in agreement with the results reported by similar studies. In fact, in green propolis,
p-coumaric acid and artepillin C are reported to be typical components of green Brazilian propolis [29].
As far as European brown propolis is concerned, flavonoids are the major components, with flavones
(i.e., chrysin and apigenin), flavanones (pinocembrin) and flavonols (galangin) being the most common
brown propolis components [30].

3.2. Cell Viability Test

For the determination of propolis non-cytotoxic concentrations, MTT assays were performed
with increasing concentrations of propolis extracts, ranging from 0.19 to 25 mg/mlL, for 24 h. The
highest non—cytotoxic concentration that did not cause a decrease in cell viability greater than 30%,
was 3.125 mg/mL. Thus, HaCat cells were treated with 0.78, 1.56 and 3.125 mg/mL of propolis extracts
for 24 h.

3.3. miRNA

RNA was extracted from treated and untreated (control sample) cell cultures for subsequent
RT-PCR assays. The results indicated that miR-19a-3p and miR-203a-3p, which target mRNA coding
for TNF-o, were significantly upregulated by propolis. In particular, a significant increase in the
expression levels of miR-19a-3p was registered following treatment with all tested concentrations of
both green and brown propolis (green propolis: x> = 17.56, df = 3, p < 0.001; brown propolis: x? = 13.27,
df = 3, p = 0.004), when compared to the control sample (Figure 3).

miR-19a-3p miR-19a-3p

[T} (o)

O. o
o © I < 0 I
= o = <
) U
e} A

s I = I

(=] (=3

0 0

=3 (=1

0 0.78 1.56  3.125 0 078 . 1.56 3.125
mg/mL mg/mL

(a) (b)

Figure 3. miR-19a-3p expression levels (expressed as difference of Cq — Delta-Cq) in HaCat cells,
treated with increasing concentrations of (a) green propolis extract (0.78-3.125 mg/mL) and (b) brown
propolis extract (0.78-3.125 mg/mL).

On the other hand, the levels of miR-203a-3p only increased in cell cultures treated with brown
propolis, at all tested concentrations (x? = 41.92, df = 3, p < 0.001), when compared to the control
sample (Figure 4). Green propolis did not induce any significant changes in the expression level of
miR-203a-3p (data not shown).
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miR-203a-3p

2.0
1
e
.
——
.
—

- Delta Cq
1.5

1.0

0.5

T T T T
0 0.78 1.56 3.125
mg/mL

Figure 4. miR-203a-3p expression levels (-Delta Cq) in HaCat cells, treated with increasing
concentrations of brown propolis extract (0.78-3.125 mg/mL).

As far as miR-27a-3p is concerned, it regulates NFE2L2 expression. A significant increase was
registered at the two lowest concentrations for both green and brown propolis treatments (green
propolis: x? = 11.28, df = 3, p = 0.01; brown propolis: x? = 12.90, df = 3, p = 0.004), compared to the

control sample (Figure 5).
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Figure 5. miR-27a-3p expression levels (-Delta Cq) in HaCat cells, treated with increasing concentrations
of (a) green propolis extract (0.78-3.125 mg/mL) and (b) brown propolis extract (0.78-3.125 mg/mL).

The expression levels of another miRNA, miR-17-3p, which targets mRNA coding for three
mitochondrial antioxidant enzymes—GPX2, MnSOD and TRXR2—were significantly decreased only
by brown propolis treatments at the two lowest concentrations tested (x? =25.63, df = 3, p < 0.001),
compared to the control sample (Figure 6, data not shown for miR-17-3p expression levels of green

propolis treated cells).
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Figure 6. miR-17-3p expression levels (-Delta Cq) in HaCat cells, treated with increasing concentrations

of brown propolis extract (0.78-3.125 mg/mL).

3.4. mRNA and Proteins

The determination of the expression levels of mRNAs and proteins—which are validated targets
for the studied miRNAs—was performed. For miR-19a-3p and miR-203a-3p, we investigated changes
in the expression levels of mRNA coding for TNF-a. As expected, brown propolis was found to induce
a decrease in the expression levels of mRNA in all cultures treated, when compared to the control
sample (F = 16.181, p < 0.001; Tukey, p < 0.05) (Figure 7a). Conversely, green propolis did not induce
any significant changes in mRNAs coding for TNF-a (data not shown). These results suggest that to
decrease the expression levels of mRNAs coding for TNF-«, an increase in both the miRNAs, 19a-3p

and 203a-3p, is needed.
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Figure 7. Expression levels (-Delta Cq) of mRNA coding for (a) TNF-«, in HaCat cells, treated
with increasing concentrations of brown propolis extract (0.78-3.125 mg/mL), (b) NFe2L2, in HaCat
cells, treated with increasing concentrations of brown propolis extract (0.78-3.125 mg/mL), (c) GPX2,
in HaCat cells, treated with increasing concentrations of brown propolis extract (0.78-3.125 mg/mL).
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TNF- protein concentrations confirmed the expression levels of mRNAs. Significant decrease in
expression levels were measured at all tested concentrations for brown propolis (F = 6.7292, p < 0.05),
compared to the control sample (Figure 8). For the green propolis treatments, TNF-« concentrations did
not change significantly, which also correlates with the mRNA expression levels registered (Figure 8).

TNF-a

I - I I m Brown propolis

Green propolis

pe/mL

=]
5 e
I*

*
I*

Control sample 0.78 mg/mL 1.56 mg/mL 3.125mg,/mL

Figure 8. TNF-« levels in HaCat cells treated with increasing concentrations of brown propolis extract
(0.78-3.125 mg/mL). * Indicates statistically significant differences (p < 0.05) between treated and
untreated cell cultures as reported in the text. ** Indicates statistically significant differences (p < 0.01)
between treated and untreated cell cultures as reported in the text.

For miR-27a-3p, we studied changes in the expression levels of mRNA coding for NFE2L2.
As expected, we found that mRNA expression levels dropped for the two lowest concentrations in cells
treated with brown propolis, in response to the overexpression of miR-27a-3p at these concentrations
(F =4.406, p < 0.05) (Figure 7b). Green propolis did not induce any significant changes in mRNAs
coding for NFE2L2 (data not shown).

As far as NFE2L2 is concerned, brown propolis treatment induced a decrease in the concentration
of the protein in HaCat cells at all concentrations tested (F = 9.4892, p < 0.05). In agreement with the
mRNA expression levels (Figure 9), the green propolis treatment did not generate any significant
changes in the concentration level of the protein, compared to the control sample (Figure 9).

NFE2L2
0.35
03
0.25
- 02
H&a 0.15 m Brown propolis
0 - Green propolis
0.1 % prop
ES
0.05
rE
Control 078 mg/mL 156 mg/mL 3.125 mg/mL

sample

Figure 9. NFE2L2 levels in HaCat cells treated with increasing concentrations of brown propolis extract
(0.78-3.125 mg/mL). * Indicates statistically significant differences (p < 0.05) between treated and
untreated cell cultures as reported in the text. ** Indicates statistically significant differences (p < 0.01)
between treated and untreated cell cultures as reported in the text.

For the mRNA targets of miR-17-3p, involved in the regulation of mitochondrial antioxidant
enzymes, namely MnSOD, GPX2 and TRXR?2, the mRNAs coding for GPX2 were the only ones showing
significant increases, and then only in cells treated with brown propolis, and at all concentrations tested
(F = 20.228, p <0.001; Tukey, p < 0.001), which agrees with the expression trends of the corresponding
miRNA (Figure 7c).
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Brown propolis treatment did not induce any significant changes in GPX2 concentrations
compared to the control sample. These results suggest that GPX2 synthesis is regulated by molecular
mechanisms which have not been taken into account in this study.

4. Discussion

Anti-inflammatory activity is one of the most studied properties of propolis. Many investigations
have been performed in recent years on the effects of propolis on inflammation, in both in vitro and
in vivo conditions, though the mechanism is still unclear at the molecular level.

In a model system mimicking physiological conditions, this investigation has found that brown
propolis exerts anti-inflammatory activity through an epigenetic mechanism of action, being able
to increase the expression levels of miR-19a-3p and miR-203a-3p, downregulate mRNA coding for
TNF-o and downregulate TNF-« itself—a well-known proinflammatory cytokine involved in the
initiation and propagation phases of inflammatory response—by the induction of Nuclear Factor kB
(NF-kB), which is in turn involved in many biological processes, such as inflammation, immunity;,
differentiation, cell growth, tumorigenesis and apoptosis [31]. To the best of our knowledge, no
studies have previously been performed on the anti-inflammatory activity of brown propolis on cell
cultures under physiological conditions. In fact, studies performed thus far on the anti-inflammatory
activity of brown propolis were carried out in model systems, in which inflammation was induced
by pro-inflammatory agents [32-35]. Our results, therefore, are the first to show brown propolis
exerting anti-inflammatory activity in physiological conditions and decreasing the expression of
a pro-inflammatory cytokine through an epigenetic mechanism of action. This result suggests that
brown propolis exerts a protective effect in healthy subjects, avoiding the development of chronic
inflammation, which is a common pathological basis for many diseases, including cardiovascular
disease, diabetes, and cancer.

Moreover, our investigation showed that green propolis increases the expression levels of
miR-19a-3p, but does not significantly modify mRNA and TNF-« expression levels. These results are
in agreement with those obtained by Kathleen et al. in 2014, who investigated TNF-« in both inflamed
and non-inflamed cell cultures (mouse odontoblast-like cells, MDPC-23; macrophages, RAW264.7 and
osteoclasts). They confirmed that green propolis was able to reduce TNF-« in inflamed cell cultures,
as shown by other previous investigations [36—40], but was unable to influence TNF-« levels of cells
grown in physiological conditions.

To investigate the influence of propolis on oxidative stress, we first studied the NFE2L2
transcription factor, which is encoded by a mRNA, including miR-27a-3p as a validated target. NFE2L2
is a member of the “basic leucine zipper protein” family, which regulates the transcription of genes
that contain the antioxidant response element (ARE) as part of their promoter sequence; many of
these genes code for proteins involved in the response to damage induced by oxidative stress and
inflammation. Under physiological conditions, NFE2L2 is localized in cell cytoplasm, where the Keapl
protein mediates its transfer and degradation [41]. Oxidative stress promotes the dissociation of Keap1
from NFE2L2, which translocates into the nucleus when freed, there activating the transcription of
antioxidant genes. Thus, an increase in NFE2L2 levels is associated with oxidative stress. In our
experimental conditions, brown propolis was found to increase the expression levels of miR-27a-3p,
confirming that brown propolis exerts an epigenetic effect. As expected, brown propolis decreased
the expression levels of mRNAs coding for NFE2L2 and NFE2L2. Therefore, brown propolis acts by
attenuating an oxidative stress marker in the physiological conditions applied.

This result was consistent with that obtained for the expression levels of miR-17-3p, which is
involved in the regulation of mitochondrial antioxidant enzymes, namely MnSOD, GPX2 and TRXR2.
Mitochondrial antioxidant defenses are responsible for the prevention of damage to cells, caused
by free radicals produced by mitochondrial metabolism. The decrease of miR-17-3p after treatment
with brown propolis confirms that brown propolis has the capacity to modulate miRNAs involved in
protection against oxidative stress. Nevertheless, brown propolis increased the expression levels of
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mRNAs coding for GPX2, but did not modify the expression levels of this antioxidant enzyme itself,
suggesting that the process of GPX2 synthesis is regulated by other molecular mechanisms and that no
GPX2 level increase is induced in physiological conditions. In addition, brown propolis did not show
any influence on mRNAs coding for the other mitochondrial enzymes, MnSOD and TRXR2.

On the whole, these results are consistent with those obtained in different conditions by Zhang
et al. which showed that brown propolis exerts radical scavengering and reducing activities, and
is able to induce the nuclear translocation of NFE2L2, which, in turn, can activate the translation of
antioxidant genes and phase II detoxication genes, such as HO-1 and GCLM [42].

Green propolis only increased miR-27-3p expression levels and did not induce any modification
in miR-17-3p or their mRNAs and related proteins.

The different capacities to modulate the expression levels of miRNAs, mRNAs and proteins
involved in the anti-inflammatory response and antioxidant activity, shown by brown and green
propolis, can be ascribed to the different polyphenolic profiles of these types of propolis. The most
notable difference in the chemical compositions of brown and green propolis is the higher content of
flavonoids found in brown propolis, relative to hydroxycinnamic acid derivatives. This difference
could be at the basis of the different behaviors. In particular, brown propolis showed higher levels of
chrysin and apingenin. A large body of evidence suggests that flavones exert anti-inflammatory and
antioxidant activities [43]. A recent study showed that chrysin reduced the levels of TNF-« and other
pro-inflammatory cytokines and increased the activity of antioxidant enzymes in in vivo conditions
(Sprague-Dawley type male rats) [44]. Similar results were achieved in a recent investigation, where,
in in vitro conditions (RAW-264.7 cell line), it was shown that apigenin reduces TNF-« expression
and secretion [45]. In addition, apigenin was found to improve the loss of antioxidant enzymes
in vitro, exerting its activity at gene transcription, protein expression, and enzyme activity levels.
Another compound which is abundant in brown propolis, in comparison with green propolis, is the
flavanone, pinocembrin. In in vitro conditions (hBMEC cell line), pinocembrin regulated the NF-«B
signal pathway and inhibited the release of pro-inflammatory cytokines, although it was not able to
ameliorate the oxidative stress induced by cell treatment with toxic molecules, such as amyloid-f
peptides [46]. On the other hand, considering the complexity of propolis, it must be highlighted that
probably all these substances as a whole are responsible for the higher activity of the brown propolis.

An in vivo investigation on experimental animals is currently ongoing to verify the effects of
brown propolis, which showed more promising results than green propolis, against oxidative stress
and inflammation.

5. Conclusions

Based on the results of this research, the antioxidant and anti-inflammatory effects attributed to
green and brown propolis could be due to modulation of the levels of certain miRNAs. An interesting
aspect lies in the different capacities, shown by the two types of propolis tested, to induce changes in
the expression levels of miRNAs. Brown propolis, which is richer in flavonoids than in hydrocinnamic
acid derivatives, was active on all miRNAs tested, while the treatment with green propolis caused
changes in the expression levels of only two of the miRNAs, miR-19a-3p and miR-27a-3p. These results
could suggest that brown propolis has greater epigenetic activity, probably due to the higher contents
of flavanone and flavone. The same considerations can be made with regards to their ability to induce
changes in the expression levels of mRNAs. In this case, brown propolis has also been shown to
possess a superior modulatory capacity; it is able to modify the expression levels of mRNAs coding for
TNF-o, NFE2L2, GPX2 and TNF-o and NFE2L2 protein levels.
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