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Abstract: Propolis, a resinous substance produced by honeybees, has been used in folk medicine since
ancient times due to its many biological benefits such as antitumor, antioxidant, antimicrobial, anti-
inflammatory, and immunomodulatory effects. Propolis contains flavonoids, terpenoids, aromatic
aldehydes, and alcohols, which vary with different climate and environmental conditions. In our
study, we examined the antiallergic activity of Brazilian green propolis (BGP) and isolated the active
compound that can suppress an allergy-sensitive gene, IL-33, expression and eosinophilia. Ethanolic
extract of BGP freeze-dried powder was fractionated with several solvent systems, and the active
fractions were collected based on activity measurement. The single active compound was found by
thin-layer chromatography. Using column chromatography and NMR, the active compound was
isolated and identified as 3,5,7-trihydroxy-6,4’-dimethoxyflavone, also known as betuletol. Further,
the antiallergic activity of that has been examined in PMA-induced up-regulation of IL-33 gene
expression in Swiss 3T3 cells. Our data showed the IL-33 gene suppression both by BGP and the
isolated active compound, betuletol. We also found that betuletol suppressed ERK phosphorylation,
suggesting it could be effective in suppressing IL-33 mediated eosinophilic chronic inflammation and
will provide new insights to develop potent therapeutics against allergic inflammations.
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1. Introduction

Allergic rhinitis (AR) is an inflammatory condition of the nasal mucosa characterized
by the symptoms of nasal itching, sneezing, anterior nasal secretions, and nasal blockage.
Worldwide, more than 600 million persons have AR [1]. Symptoms of AR are divided into
two categories: acute and chronic [2]. Eosinophils play a major role in chronic symptoms
of allergy [3,4]. Our study indicates that Interleukin (IL)-33 is an allergy-sensitive gene
to eosinophilic inflammation and found that the levels of eosinophils were correlatively
promoted with nasal mucosal IL-33 mRNA levels in pollinosis patients, indicating that
the activation of IL-33 gene expression participates in eosinophilia [5,6]. IL-33 is required
in the pathogenesis of AR through the induction of Th2 cytokines and eosinophils and
could be controlled by suppressing IL-33 gene expression [7,8]. IL-33 was originally
described as a nuclear factor protein in endothelial cells of high endothelial venules [9].
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IL-33 is constitutively expressed and localized in the nucleus of epithelial and endothelial
cells from various tissues [10,11]. IL-33 can induce Th2 cytokine production in Th2 cells,
mast cells, basophils, eosinophils, and recently identified innate immune cells (natural
helper cells and neurocytes) [12-18]. IL-33 can induce Th2 cytokine-mediated allergic
inflammation [19]. Antihistamines are the most critical therapeutics for pollinosis and other
allergic diseases. However, they are not potent enough to alleviate chronic symptoms, so
the development of novel therapeutics is highly needed. Despite still having some side
effects, these are applied to the treatment of allergy [20,21], but the mechanism is still
unknown. Antiallergic natural medicines having minimum side effects can be a beneficial
way for allergic treatment [22-24]. Those natural substances are believed to be less toxic
than synthetic chemical compounds, and establishing the molecular mechanism may guide
us to better develop drugs to treat allergy and allergic complications [25,26]. For that
reason, many researchers, including us, have been attempting to isolate and determine
the structures of critical compounds in these complicated mixtures and examine their
therapeutic utility for allergic diseases including AR. Honey and honey products including
propolis, have long been studied for having multiple biological and pharmacological
properties, and the mechanisms of action have been extensively investigated in the last
years such as antiallergic, anticancer, and anti-inflammatory activity [27-29]. Brazilian
green propolis (BGP) alleviated the nasal symptoms in allergic rats and was revealed to
have a suppressive effect on allergy-sensitive genes such as histamine H; receptor (H1R),
IL-4, IL-5, and IL-9 expression in both in vitro and in vivo [30]. Compounds isolated from
BGP that suppress IL-33 gene expression may be effective for chronic symptoms.

In this investigation, we isolated and identified the active compound betuletol from
BGP that can suppress IL-33 mRNA expression in PMA-induced fibroblasts. It also inhibited
the ERK, the signal molecule for IL-33 gene expression, and IL-33-mediated allergic inflam-
mation and eosinophilia. It suggested that betuletol could be a better therapeutic to treat
chronic allergic condition. Further, its effect will be investigated in allergic model animals.

2. Results
2.1. Isolation and Identification of Active Compound from BGP

As shown in Figure 1, the ethanolic extract of freeze-dried powder of Brazilian green
propolis (BGP) was fractionated using various solvents; the suppressive activity of each
fraction was examined using PMA-induced up-regulation of IL-33 gene expression in Swiss
3T3 cells using our previously established procedure [5,6]. The chloroform fraction exhibited
the highest activity; this fraction was further fractionated by silica gel column chromatography,
followed by Sephadex LH-20 column, resulting in the isolation of an active molecule. A single
spot found by TLC analysis. Then, we further purified a compound by repeated Sephadex
LH-20 column chromatography eluted with MeOH (Figure 1). Several extensive spectroscopic
analyses (FTIR, NMR) identified the compound as 5,7-trihydroxy-6,4"-dimethoxyflavone, also
known as betuletol (Figure 2, Supplementary Figure S1 and Table S1, [31-33]).
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Figure 1. Flowchart of the isolation process for the ethanolic extract of BGP. Active chloroform fraction
subjected to silica gel column chromatography eluting with chloroform/methanol gradient solvents.
Fractions were further purified by repeated Sephadex LH-20 column chromatography eluting with
methanol. The TLC plate was spotted at the position marked with dash circles with purified sample.
A single spot was detected on TLC visualized by an UV lamp and identified as betuletol by analysis
of 'H NMR spectrum. BGP, Brazilian green propolis; TLC, thin layer chromatography.

OH O

Figure 2. The structure of 3,5,7-trihydroxy-6,4’-dimethoxyflavone (betuletol) isolated from Brazilian

green propolis.

2.2. Suppression of IL-33 Gene Expression by BGP and Betuletol

Eosinophil functions can have a significant impact on allergic inflammation. It plays an
important role in the pathogenesis of chronic nasal symptoms [34]. IL-33 contributed to the
manifestation of chronic allergic symptoms through an increased number of eosinophils [5].
Here, we examined the effect of BGP and betuletol on the IL-33 gene up-regulation that could
be closely related to chronic symptoms of AR. We performed real-time RT-PCR with mouse
IL-33 primers and a probes kit. In this experiment, the Swiss 3T3 cells were untreated /control,
stimulated with PMA (100 nM), and treated with PMA+BGP (25 ug/mL, 50 ug/mL, 75 ug/mL,
and 100 pg/mL) (Figure 3A) and PMA + betuletol (10 ug/mL, 20 ug/mL, 40 ug/mL, and
50 pg/mL) (Figure 3B). Results showed that both BGP and betuletol significantly suppressed
PMA-induced IL-33 gene up-regulation in a concentration-dependent manner with an ICsy
value of 10.48 pg/mL and 19.6 ug/mL, respectively (Figure 3).
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Figure 3. Effects of BGP (A) and betuletol (B) on PMA-induced up-regulation of IL-33 expression
in Swiss 3T3 cells. Swiss 3T3 cells were starved with 0.5% D-MEM medium for 24 h at 37 °C before
treatment with 100 nM PMA for 3 h. Swiss 3T3 cells were preincubated with indicated concentrations
of BGP (A) and betuletol (B) for 3 h, respectively. IL-33 mRNA expression was determined using
quantitative RT-PCR. Both BGP and betuletol significantly suppressed PMA induced IL-33 gene
up-regulation. Data presented as means £ S.E.M.; one-way ANOVA; **** p < 0.0001, n = 4.

2.3. Inhibition of ERK-1/2 Phosphorylation by Betuletol

We previously reported the involvement of PKCb/MEK/ERK signaling pathway in
inducing inflammatory responses [35]. In this study, to investigate the effect of betuletol
in suppressing this inflammatory pathway, we performed Western blot analysis with the
PMA-induced Swiss 3T3 cell lysate treated with 25 pg/mL, 50 pg/mL, and 75 pg/mL
of betuletol. The immunoblot data showed inhibition of phosphorylation of ERK and
calculating the band intensity, and we found that 75 pug/mL of betuletol significantly
suppressed the ERK protein expression (Figure 4).
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Figure 4. Effect of Betuletol on PMA-induced phosphorylation of ERK. Swiss 3T3 cells were starved
with 0.5% FBS medium for 24 h and were then treated with indicated concentrations of betuletol before
stimulation with 100 nM PMA for 10 min. Total cell lysates were prepared, and phosphorylation of
ERK was determined using immunoblot analysis. Betuletol significantly suppressed PMA-induced
ERK phosphorylation. Data presented as means & S.E.M.; one-way ANOVA; **** p < 0.0001, n = 4.

3. Discussion

Propolis is generally extracted with ethanol or water, and these extracts have been used
in folk medicine. The composition of propolis varies on the solvent used for extraction [29,36].
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Additionally, biological activities could be associated with their chemical composition.
However, 90-100% ethanolic extract of BGP is frequently used as a healthy food and is
reported to have anti-inflammatory effects [37,38]. IL-33 is critical for eosinophil-mediated
allergic inflammation, and it was reported that serum levels of IL-33 are significantly
elevated in patients with AR [18,39]. Earlier studies described the contribution of IL-33 in
eosinophil-, basophil-, and mast cell-mediated allergic inflammation [40].

In this study, the ethanolic extract of BGP was examined and found active against PMA-
induced IL-33 mRNA up-regulation in Swiss 3T3 cells (Figure 3A). Further, BGP powder was
fractioned with different solvents, and we found maximum suppression of IL-33 mRNA ex-
pression in the chloroform fraction. Finally, the active compound was purified from chloroform
fraction performing column chromatography, and its structure was identified as betuletol
by NMR analysis (Figures 1 and 2, Supplementary Figure S1 and Table S1). Betuletol is
found to have anticancer and antihypertensive activity [32,41]. Therefore, we investi-
gated the anti-inflammatory activity of betuletol. Our data showed betuletol suppressed
IL-33 gene expression significantly and concentration-dependently (Figure 3B). We have
isolated several flavonoids and studied their antiallergic properties, including quercetin,
epigallocatechin-3-O-gallate from green tea extract [42,43], and (—)-maackiain from Sophora
root (Sophora flavescens) extract [44]. These compounds suppressed IL-33 gene expression
through the inhibition of both PKC6 phosphorylation and followed by ERK phosphorylation
with ICsg values of ~10 pg/mL [6], but betuletol inhibits only ERK phosphorylation, suggest-
ing a specific and noble mechanism for IL-33 gene suppression. The ICs( values of quercetin
and maackiain were lower than that of betuletol. However, it is hard to compare these values
because target molecules of these compounds were different. Thus, we believe betuletol can
improve the symptoms of eosinophilic inflammation more specifically by suppressing IL-33
gene expression and thus decreasing the number of eosinophils.

Antihistamine treatment down-regulates the expression of IL-5 mRNA and HIR
mRNA but not that of IL-33 mRNA in the mucosa of the respiratory tract in AR [45].
However, flavonoids isolated from Nepalese propolis suppressed IL-33-induced cytokine
expression in bone marrow-derived mast cells (BMMC) [46]. In this study, the molecular
mechanism of betuletol also has been elucidated. The expression of the IL-33 receptor,
interleukin-1 receptor-like 1 (ST2), was identified at the mRNA and protein levels in
isolated adult rat cardiac fibroblasts [47]. Investigation of ST2/IL-33 signaling has been
implicated in various inflammatory diseases such as cardiac disease, inflammatory bowel
diseases, and type 2 diabetes [48-51]. Upon IL-33 binding, the membrane-anchored ST2
forms a heterodimer along with IL-1RAP leading to the binding of MyD88 and subsequent
IL-1R-associated kinase activation, which can initiate mitogen-activated protein kinase
(MAPK), extracellular signal-regulated kinase (ERK1/2), and NF-«B pathways [52,53].
We found that betuletol neither suppressed HIR gene expression nor inhibited PKCb
phosphorylation (data not shown) but significantly inhibited the phosphorylation of ERK
(Figure 4). These findings suggest that betuletol possibly exerts its antiallergic activities
by affecting PKCo/ERK-mediated IL-33 mRNA expression and/or IL33/ST2-mediated
tyrosine phosphorylation of ERK. Therefore, we can summarize the mechanism of action of
Betuletol in Figure 5.

Seasonal allergy and AR pathogenesis have recently come into question, given the
failure of many pharmaceutical agents in normal humans. Therefore, the pursuit of novel
mechanisms mediating AR pathogenesis is of critical importance to future allergic treatment.
Betuletol showed a significant suppressive activity against IL-33-mediated inflammation.
Moreover, further investigation on the effect of betuletol in allergic model animals will pro-
vide more information and direct us to develop new drugs to prevent allergic inflammations.
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Figure 5. (A) Schematic diagram of IL-33 mRNA expression. Pollen/PMA stimulation of epithelial
cells causes activation of PKC6/HSP90/ERK signaling, which causes the expression of the IL-33 gene
(B) schematic diagram of IL-33/ST2 signaling pathway. IL-33 is the ligand for ST2. It activates the
ST2L/IL-1RAcP dimers or is neutralized by binding to sST2. The interaction of IL-33 with ST2 leads
to the recruitment of MyD88, which results in the activation of MAPK-ERK and NF-«B, ultimately
inducing related gene expression. Inhibition of ERK by betuletol may block the PKC5/HSP90/ERK-
mediated IL-33 mRNA expression and/or, IL-33/ST2-mediated inflammatory reactions. MyD88,
myeloid differentiation primary response protein 88; MAPK, mitogen-activated protein kinase; NF-«B,
the transcription factor nuclear factor-«B. Illustration created with BioRender.com.

4. Materials and Methods
4.1. Materials

Brazilian green propolis ethanolic extract (Lot. No 120928, BGP), standardized to
contain 8.0% artepillin C and 0.14% culifolin was provided by Yamada Bee Company, Inc,
Japan. Silica gel (N-60) and Sephadex LH-20 were from GE Healthcare (Tokyo, Japan).
Precoated TLC plates (0.25 mm, silica gel Kieselgel 60F254 and silica gel 60 RP-18 F254S)
were from Nacalai Tesque Inc. (Kyoto, Japan). RNAiso Plus was from Takara Bio Inc.
(Kyoto, Japan). Antibodies for ERK (K-23, sc-94), phospho-ERK (E-4, sc-7383) were from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). The antibody for (3-actin (#4697) was
from Cell Signaling Technology Japan (Tokyo, Japan). Goat anti-rabbit IgG (H+L)-HRP
conjugate (#170-6515) and Immuno-Star goat anti-mouse HRP conjugate (#170-5047) were
from Bio-Rad (Richmond, CA, USA). All other chemicals were of analytical grade.

4.2. Propolis Powder

Brazilian green propolis (2 g) was pulverized with a homogenizer and extracted in
20 mL of ethanol (EtOH). After stirring at room temperature for 12 h, the filtrate was
concentrated until the solid content reached 55%. The solid content was evaluated after
concentration in vacuo and further drying in an oven at 105 °C for 4 h [35].
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4.3. Fractionation and Isolation

Ethanolic extract of BGP was fractionated with EtOH and hexane mixture. After remov-
ing the semisolid insoluble residue, the active ethanolic fraction was further fractionated with
a chloroform /water mixture. The chloroform (CHCls) fraction exhibited the highest activity,
and this fraction was then fractionated by silica gel (N-60) column chromatography eluted
with CHClj3: methanol (MeOH) (99:1) followed by 98:2 ratio. A total of 100 fractions (each
5 mL) were collected, and their composition was monitored by thin-layer chromatography
(TLC) with CHCl3: MeOH (9:1). TLC was performed on precoated plates (0.25 mm, silica gel
Kieselgel 60F254 and silica gel 60 RP-18 F254S). All the extract procedures were performed
with commercially available organic solvents. A total of 11 fractions were collected and dried.
Fraction #1 was further purified by repeated Sephadex LH-20 column chromatography and
eluted with MeOH|, finally yielding purified compounds.

4.4. Structure Identification

Further several spectroscopic methods were performed for structure identification
of the single active compound isolated from BGP by Sephadex LH-20 column. 'H NMR
spectrum was run on a Bruker AVANCE-500 instrument (Hitachi High-Tech, Tokyo, Japan)
with CDCl3 using tetramethylsilane as an internal standard.

4.5. Real-Time Quantitative RT-PCR

Swiss 313 cells were cultured at 37 °C under a humidified 5% CO,, 95% air atmosphere
in minimal essential medium containing 8% fetal calf serum (Sigma, St.Louis, MO, USA)
and 1% antibiotic-antimycotic (Nacalai Tesque Inc.). Swiss 3T3 cells cultured to 70% con-
fluency in 6-well dishes were serum-starved for 24 h and treated with reagents 1 h before
phorbol-12-myristate-13-acetate (PMA, Sigma) stimulation. After 3h treatment with PMA,
the cells were harvested with 700 uL of RNAiso Plus mixed with 140 pL of chloroform and
centrifuged at 15,000 rpm for 15 min at 4 °C. The aqueous phase was collected, and RNA
was precipitated by the addition of isopropyl alcohol. After centrifugation at 15,000 rpm
for 15 min at 4 °C, the resulting RNA pellet was washed with ice-cold 70% ethanol. To-
tal RNA was resolved in 10 pL of diethylpyrocarbonate-treated water, and 5 pL of each
RNA sample was used for the reverse transcription reaction. RNA samples were reverse
transcribed to cDNA using a High-Capacity cDNA Reverse Transcription kit (Applied
Biosystems, Foster City, CA, USA). TagMan primers and the probe were designed using
Primer Express (Applied Biosystems). Real-time PCR was conducted using a GeneAmp
7300 sequence detection system (Applied Biosystems). Mouse IL-33 primers and a probe
kit (MmO00505403_m1, Applied Biosystems) were used to determine mouse IL-33 mRNA
levels. Rodent GAPDH Control Reagents (Applied Biosystems) were used to standardize
the starting material, and the data were expressed as the ratio to GAPDH mRNA.

4.6. Immunoblot Analysis

For the immunoblot analysis, 10 ug of each protein sample was separated on a 10%
SDS-PAGE gel and then transferred onto a nitrocellulose membrane (Bio-Rad). The mem-
brane was briefly rinsed in Tris-buffered saline containing 0.1% Tween 20 (TBS-T) and
then incubated for 1 h at room temperature in TBS-T containing 5% skim milk (Difco, BD
Japan, Tokyo, Japan) or 3% BSA (for detecting phosphoproteins; Sigma). The membrane
was then incubated with a primary antibody (total ERK (K-23), 1:1000; phospho-ERK (E-4),
1:1000; B-actin (#4697, 1:2000)) overnight at 4 °C. Goat anti-rabbit IgG (H+L)-HRP conjugate
(#170-6515, 1:10,000) or Immuno-Star goat anti-mouse HRP conjugate (#170-5047, 1:10,000)
was used as the secondary antibody, and proteins were visualized with an Immobilon
Western Chemiluminescent HRP substrate (Merk Millipore, Billeria, MA, USA).

4.7. Statistical Analysis

The results are shown as the standard error of the mean (S.E.M.). Statistical analyses
were performed with unpaired t-tests or one-way ANOVA (analysis of variance) with
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Dunnett’s test using the GraphPad Prism software (GraphPad Software Inc., La Jolla, CA).
Values of p < 0.05 were considered statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27175459/s1, Figure S1: 1H NMR spectrum for 3,5,7-
trihydroxy-6,4’-dimethoxyflavone (betuletol) measured in CDCl3 (500 MHz); Table S1: 1H NMR data
for 3,5,7-trihydroxy-6,4"-dimethoxyflavone (betuletol) measured in CDCl; (500 MHz).
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