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Honeybee pollen (HBP) chemical composition is highly variable conforming to the floral and
geographical origin of the pollen grains. The beneficial effects and functional properties of
the HBP are well-known and have been mainly attributed to their high content of
antioxidant polyphenols. In this work, twelve HBPs samples from the Southern region
of Chile (X Región de Los Lagos) were characterized for the first time according to their
botanical origin, phenolic composition, and antioxidant activity. The in vitro gastrointestinal
digestion assay was done to simulate the human upper digestive tract. Selected honeybee
pollen extracts (HBPEs) were assessed as bioaccessible fractions during an in vitro
gastrointestinal digestion. Contents of phenolic compounds, antioxidant capacity, and
recovery index of quercetin, myricetin, and cinnamic acid were monitored in different steps
of gastrointestinal digestion. Furthermore, the protective effect of in vitro digested HBP
towards DNA damage induced by peroxyl radicals was evaluated. The introduced species
Brassica rapa L. (Brassicaceae), Lotus pedunculatus Cav. (Fabaceae), and Ulex
europaeus L. (Fabaceae) predominated in all the HBPs analyzed, while the native
species Buddleja globosa Hope (Scrophulariaceae), Luma apiculata (DC.) Burret
(Myrtaceae), Embothrium coccineum J.R. Forst. & G. Forst. (Proteaceae) and
Eucryphia cordifolia Cav. (Cunoniaceae) appeared less frequently. The content of
polyphenols and antioxidant capacity in HBPEs achieved full bioaccessibility at the end
of the intestinal digestion step. However, results obtained by a state-of-the-art technique
(i.e. HPLC-DAD) demonstrated relatively low values of bioaccessible quercetin and
cinnamic acid after the digestion process. In contrast, myricetin showed a high
bioaccessibility in the intestinal digestion steps. The protective effect of in vitro
digested HBP towards DNA damage induced by peroxyl radicals showed promising
results (up to 91.2% protection). In conclusion, HBPs from the X Region de Los Lagos are
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rich sources of phenolic antioxidants that protect DNA from strand breakage. Therefore,
the potential of HBPEs in preventing gastric and/or intestinal cancer should be further
considered.
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1 INTRODUCTION

Honeybee pollen (HBP) loads are a mix of flower pollen from
different plant species adhered to by nectar and enzymes secreted
by salivary glands of honeybees. The composition of HBP is quite
variable and depends on ecological habitat, geographic origin, or
even season (Denisow and Denisow-Pietrzyk, 2016; Ares et al.,
2018; Bridi et al., 2019). It contains polysaccharides, lipids,
proteins, aminoacids, and simple sugars. Moreover, it is a
source of minerals (Cu, Fe, Zn, K, Na), vitamins, (β-carotene,
tocopherol, niacin, thiamine, biotin, folic acid), and a variety of
secondary metabolites such as terpenes, carotenoids, and
phenolic compounds (Campos et al., 2008; Komosinska-
Vassev et al., 2015).

Phenolic compounds, including flavonoids and phenolic acids,
are recognized as important natural antioxidants, also playing a
key role in a wide variety of biological and/or pharmacological
properties such as anti-inflammatory, anticancer, antibacterial,
antiallergic, antiviral, antithrombotic, hepatoprotective, and
signalling molecules, among others (Kumar and Goel, 2019;
Hızır-Kadı et al., 2020). The ingestion of phenolic compounds
has been related to the reduced development of chronic diseases,
as sustained by epidemiological studies (Ferrari and Torres, 2003;
Torres and Farah, 2017; Soares et al., 2021).

Owing to their richness in nutrients, micronutrients, and
abundance of bioactive compounds, honeybee products can be
consumed as such (in the raw form). However, they are also
accepted as “functional ingredients” since, beyond increasing the
nutritional value of food products, they possess health-promoting
properties (Cornara et al., 2017; Yücel et al., 2017; Kostić et al.,
2021). Recently, hepatoprotective and anti-steatosis potential by
reduction of lipid accumulation in a cellular model has been
reported for Chilean honeybee pollen extracts (HBPEs). These
results exhibited a positive correlation with the pollen’s quercetin
concentration (Oyarzún et al., 2021). Additionally, HBP from the
central zone of Chile showed a strong presence of phenolic
compounds such as syringic and coumaric acids, and the
flavonoids myricetin and quercetin, the latter, being proposed
as a quality marker to indicate the quality of HBP from this region
(Bridi et al., 2019).

Despite the great content of nutrients and active compounds
that are found in HBP, the pollen cell walls consist of a series of
stratified concentric layers that provide chemical resistance of the
pollen and act as a shield that preserves these compounds
(Fuenmayor et al., 2014; Zuluaga et al., 2014). This suggests
that HBP for human consumption must undergo transformation
processes to improve its digestibility and bioavailability (Zuluaga
et al., 2014). Often, the total quantity of the bioactive compounds
in functional plant foods does not reflect the amount absorbed by
the human body. An in vitro digestion model has been designed

to imitate the digestive processes in the human gastrointestinal
tract in a simplified manner, hence providing significant
information on the stability of phytochemicals of interest
under simulated gastrointestinal conditions (Ah-Hen et al.,
2018; Hızır-Kadı et al., 2020; Aylanc et al., 2021). This kind of
information is crucial to anticipate the role of phytochemicals at
local (gastrointestinal) and potential systemic levels (Adebooye
et al., 2018; Fereidoon et al., 2019; Soares et al., 2021).

In vivo and in vitro studies support the role of flavonoids and
phenolic acids in preventing DNA damage induced by reactive
oxygen species (ROS) (Yonekura et al., 2016; Tasahil et al., 2019).
DNA-damage signalling and repair are viewed as crucial
pathways in cancer development and/or treatment
(Amarowicz, 2016; de Camargo et al., 2018). Phenolics have
significant free radical scavenging properties and may protect
against cellular damage caused by free radicals, thereby providing
precautions against various diseases. Phenolic compounds can
inhibit free radical-induced DNA damage and suppress
inflammation (Li et al., 2018). Humans do not have the ability
to synthesize important antioxidants such as tocopherols,
tocotrienols, and polyphenols, thus dietary antioxidants play
an important role in maintaining human health (Nishikimi
and Yagi, 1991; Adriano Costa de and Renan da Silva, 2019;
Soares et al., 2021).

Chile is characterized by a variety of ecosystems that goes from
the desert in the northern part of the country to the temperate
Valdivian rainy forest in the south. This work comprises the study
of beehives located near the vegetation of the Valdivian temperate
forest that dominates as an ecoregion located in the Southern
region of Chile characterized by rainy weather and perennial
forests that are home to exclusive fauna and flora, like the ancient
“araucarias” (Araucaria araucana (Molina) K.Koch) and
“alerces” (Fitzroya cupressoides (Molina) I.M.Johnst.). The
main difference between the tropical jungles and this Chilean
rainforest, is that the latter grows in cold climates with very strict
winters, making it a natural global heritage. The Valdivian
temperate forest is characterized by its extraordinary
endemism, nearly 90% at the species level and 34% at the
genus level for woody species (Veblen and Schlegel, 1982;
Marticorena, 2009). Some of the important species as available
source of pollen for Apis mellifera are “arrayán” (Luma apiculata
(DC.) Burret), “avellano” (Gevuina avellanaMolina), “coigüe” or
“coihue” (Nothofagus dombeyi (Mirb.) Oerst.), “colihue”
(Chusquea culeou É. Desv.), “copihue” (Lapageria rosea Ruiz
& Pav.), “luma” (Amomyrtus luma (Molina) D. Legrand &
Kausel), “murta” (Ugni molinae Turcz.), “notro” (Embothrium
coccineum J.R. Forst. & G. Forst.), “tineo” (Weinmannia
trichosperma Cav.), “ulmo” (Eucryphia cordifolia Cav.) and
“matico” (Buddleja globosa Hope) (Marticorena, 1990;
Marticorena, 2009).
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This is the first characterization of several HBP from the south
zone of Chile according to the botanical origin, polyphenolic
profile, and antioxidant capacity. Selected HBPs were evaluated
for bioaccessibility using a model for the human gastrointestinal
tract. Total phenolic contents, antioxidant capacity, and recovery
index of quercetin, myricetin, and cinnamic acid were determined
in the different steps of the in vitro gastrointestinal digestion.
Likewise, this is the first report addressing the protective effect of
in vitro digested HBP towards DNA damage induced by peroxyl
radicals.

2 MATERIALS AND METHODS

2.1 Chemicals and Reagents
The compounds 6-hydroxy-2,5,8-tetramethylchroman-2-
carboxylic acid (Trolox), fluorescein disodium salt (FL), Folin-
Ciocalteu’s phenol reagent, 2,2′-azo-bis(2-amidinopropane)
dihydrochloride (AAPH), 2,4,6-tri(2-pyridyl)-S-triazine
(TPTZ), sodium bicarbonate (NaHCO3), potassium chloride
(KCl), sodium chloride (NaCl), calcium chloride dihydrate
(CaCl2·2H2O), dibasic potassium phosphate (K2HPO4), mucin,
pepsin, α-amylase, pancreatin, bile salts and all standards of
compounds studied were purchased from Sigma-Aldrich (St.
Louis, MO, United States). Aluminium chloride (AlCl3) and
ferric chloride (FeCl3) were supplied by Merck (Darmstadt,
Germany). All solvents were high-performance liquid
chromatography (HPLC) grade. Water was purified in a Milli-
Q system (Synergy, Millipore, Darmstadt, Germany).

2.2 Honeybee Pollen Samples (HBP)
Twelve honeybee pollen (HBP) samples from Southern Chile, X
Región de Los Lagos (GPS coordinates 41°16′ 40.099″ S, 72°41′
7968″W) were provided as vacuum-packed when fresh and were
frozen at −20°C by beekeepers. The HBP were collected during
the dry seasons of 2018 and 2019. The botanical origin was
determined based on pollen grain morphology according to the
microscopy method described in Chilean Regulation NCh3255,
2011 (Montenegro et al., 2008). Five grams of each type of bee
pollen corbiculae were separated by color, and each fraction was
weighed. After this, one corbicula of each type of HBP was
wrinkled with alcohol to disperse the pollen grains. Several
drops of red dye (Calberla’s solution) were used to stain the
grains to allow observation under a light microscope (Avila et al.,
1992; Montenegro et al., 2008). To determine the botanical origin,
specific literature (Heusser and Moar, 1973; Marticorena, 1990)
and the botanical bee pollen catalogue at the Laboratory of
Botany (Department of Plant Sciences, Faculty of Agronomy
and Forest Engineering, Pontificia Universidad Católica de Chile,
Santiago, Chile) were consulted.

2.3 Honeybee Pollen Extracts and Phenolic
Characterization
One gram of fresh honeybee pollen (HBP) was consecutively
extracted thrice with 10 mL aliquots of analytical grade absolute
ethanol (EtOH) by ultrasonic extraction (Elmasonic S 10

HELMA) at room temperature (25°C) for 10 min. The mixture
was centrifuged at 3,130g for 5 min, filtered usingWhatmanNo. 1
paper, and the supernatant collected. The three collected
supernatants were combined and adjusted to a final volume of
50 mL with EtOH aimed to obtain a 0.02 g HBP/mL final
concentration. HBPEs were stored at −80°C in the dark until use.

The total phenolic content in the extracts was determined by
the Folin-Ciocalteu’s method using gallic acid as a standard. The
results were expressed as gallic acid equivalents (GAE) per 100 g
of HBP (mg GAE/100 g fresh HBP) (Bridi et al., 2019; Oyarzún
et al., 2021). The flavonoid content, measured by AlCl3 method,
was expressed as milligrams of quercetin equivalents (QE) per
100 g of HBP (mg QE/100 g fresh HBP) (Bridi et al., 2019;
Oyarzún et al., 2021).

2.4 HPLC-DAD Analysis
The polyphenols and abscisic acid identification and
quantification in HBPEs were carried out using a Hitachi
Chromaster 5000 series HPLC instrument equipped with an
autosampler and a photodiode array detector (Hitachi, Tokyo,
Japan). The HPLC system was controlled by the Chromaster
system manager V1.2. HBPEs (10 μL) were eluted using a mobile
phase mixture of (A) methanol, (B) acetonitrile, and (C) 0.1%
aqueous formic acid. The gradient elution employed was:
0–10 min 20% B, 80% C; 10.1–40 min 7.5% A, 25% B, 67.5%
C; 40.1–50 min 15% A, 25% B, 60% C; 50.1–65 min 15% A, 45%
B, 40% C, and returned to starting conditions during the
following 15 min. The column used was a 250 mm × 4.6 mm,
i.d., Purospher STAR RP-18 end-capped with a guard column of
the same type (Merck, Darmstadt, Germany). The flow rate was
0.8 mL/min and the oven column was set at 35°C. The absorbance
of the eluate was monitored in the 210–550 nm range using a
diode array detector (DAD) and the chromatograms were
integrated for all standards and HBPEs at 290 nm. Phenolic
compounds identification was performed by comparison of the
retention times exhibited by the standards and UV−vis spectra.
For quantification, a multistandard combination was used in
equal concentrations of each polyphenol (range 5–250 μM) to
obtain calibration curves of all standards studied. Detection limits
of standards ranged between 2 and 133 μg/g in HBP. All analyses
were performed in triplicate for standards and HBPEs (Bridi
et al., 2019; Oyarzún et al., 2021).

2.5 Ferric Reducing Antioxidant Potential
The FRAP of the HBPEs was determined as previously described
by literature (Bridi et al., 2019; Oyarzún et al., 2021). The
absorbance was read at 594 nm using a Cytation 5 multimode
microplate reader from BioTek Instruments, Inc. (Winooski, VT,
United States). As controls, an ethanol solution and Trolox
(5–30 μM) were used. The results were expressed as μmol
Trolox equivalents per g of HBP (μmol TE/g). Values were
reported as means ± SD of three independent determinations.

2.6 Oxygen Radical Absorbance Capacity
The ORAC of HBPEs against peroxyl radicals was measured by
using the ORAC-fluorescein (ORAC-FL) method according to
the literature (Ou et al., 2001) and adapted to fluorescent
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microplate reader (Cytation 5 from BioTek Instruments Inc.)
(Bridi et al., 2019). The fluorescein consumption was measured
by the decline in fluorescence intensity (excitation 493 nm;
emission 515 nm). AAPH (10 mM) was used as the peroxyl
radical producer at 37°C and μM Trolox was used as a
standard (2–10 μM). The results were expressed as μmol
Trolox equivalents per 100 g of HPB (μmol TE/100 g) and
reported as means ± SD of three independent determinations.

2.7 In Vitro Gastrointestinal Digestion
2.7.1 Preparation of Aqueous Honeybee Pollen Extract
To 50 mL of ethanolic extract (0.02 g HBP/mL EtOH), 10 mL of
ultrapure water aliquot was added and ethanol was removed by
rotary evaporation (38 ± 2°C). The final volume was adjusted to
10 mL with pure water to obtain an aqueous honeybee pollen
extract (HBPEaq) with a final concentration of 0.1 g HBP/mL
H2O. HBPEaq were stored at −80°C in the dark until analysis.

2.7.2 In Vitro Gastrointestinal Digestion Assay
The in vitro gastrointestinal digestion assay, simulating the
physiological state in the upper digestive tract (mouth,
stomach, and small intestine) was performed according to a
procedure described in literature (Ah-Hen et al., 2018) with
minor modifications. The digestion process is comprised of
salivary pre-digestion (MTH), gastric digestion initial (GDI),
gastric digestion final (GDF) and small intestinal digestion
steps. The latter digestion step was subclassified by their
respective small intestinal portion as follows: duodenal
(DDM), jejunal (JJM) and ileal (ILN). For the salivary
digestion step, the HBPEaq (10 mL) or purified water (control)
was mixed with 3 mL of artificial saliva, composed of double-
distilled water, 5.21 mg/mL NaHCO3, 0.88 mg/mL NaCl,
0.48 mg/mL KCl, 0.33 mg/mL CaCl2, 1.04 mg/mL K2HPO4,
2.16 mg/mL of mucin and 0.1 mg/mL of α-amylase, and
adjusted to a pH of 6.8 with 0.1 M HCl. The mixture of
sample or control and artificial saliva was homogenized with
20 mL of pure water for 3 min to simulate mastication. MTH
digesta (2 mL) was collected and put on ice for 10 min to stop the
enzymatic activity. To simulate gastric digestion, 148 mg of
pepsin (250 U) dissolved in 2.5 mL of pure water was added
immediately to the simulated bolus of salivary digestion, and pH
was adjusted to 2.0 with 6 M HCl. The mixture was then
incubated at 37°C using a shaking water bath (Labtech, LSB-
015S, Italy) at 250 rpm for 2 h. GDI digesta (2 mL) was
withdrawn and put in ice for 10 min to stop the enzymatic
activity. After the gastric digestion, the small intestinal
digestion was simulated, adjusting pH to 6.5 with 0.5 M
NaHCO3 before 2.5 mL of a mixture of pancreatin (4.0 mg/
mL) and bile salts (50.0 mg/mL) (1:1; v/v), dissolved in 15 mL
of water, were added and incubated at 37°C in the shaking water
bath at 250 rpm for 2 h. The sample was withdrawn after
adjusting pH to 6.5 (DDM), after the first (JJM) and second
hour (ILN) of the digestion process. At each step of digestion (at
different time intervals), 2 mL aliquots of the obtained extract or
control were withdrawn for analysis, cooling the test tubes in ice
for 10 min to stop the enzymatic activity. The supernatants
(bioaccessible fractions) were used for the analysis of total

phenolic content (Folin-Ciocalteu), antioxidant activity
(ORAC-FL), and quercetin, myricetin, and cinnamic acid
concentration by HPLC-DAD. For the Folin–Ciocalteu and
ORAC-FL tests, the values found for the controls were
subtracted from the HBPEaqs. Before the HPLC analysis, these
aliquots were sonicated at 4°C in an ice bath for 30 min.
Subsequently, they were centrifuged for 10 min at 10,845 g to
facilitate the separation of the components and purification of the
sample. Subsequently, the supernatant was collected and filtered
on a 0.22 μm cellulose acetate pore filter and then quantified
(Gonçalves et al., 2019).

The bioaccessibility index (BI) was calculated as the
percentage of the tested compound remaining in the
bioaccessible fraction related to the original non-digested
sample (Eq. 1).

BI � [CDS/CFS] × 100 (1)
CDS is the concentration of the bioactive or its antioxidant

activity at the end of a digestion step and CFS is the concentration
of the antioxidant activity of the same bioactive in the sample as
determined by a chemical extraction procedure.

2.7.3 Inhibition of Peroxyl Radical Induced
Supercoiled Plasmid DNA Strand Breakage
The inhibitory effect against DNA damage induced by peroxyl
radicals (de Camargo et al., 2014) was tested with phenolics
recovered from HBPE12 subjected to in vitro digestion. In this,
the lyophilized phenolic extracts recovered from each phase of
digestion were diluted in phosphate buffer saline solution (PBS) (1:
10, m/v) and transferred to Eppendorf tubes (2 µL) andmixed with
2 µL PBS 10mmol/L, pH 7.4, followed by the addition of
supercoiled plasmid DNA pBR 322 from Escherichia coli RRI
(2 µL) diluted in PBS (50 μL/mL), and 7 mM AAPH solution
(4 µL). After incubation at 37°C in the dark for 1 h, loading dye
(0.25% bromophenol blue, 0.25% xylene cyanol, 50% glycerol in
distilled water) was added (1 µL). The mixture was loaded onto 0.7
(w/v) agarose gel prepared in buffer Tris−acetic acid−EDTA
(40 mM Tris-acetate and 1 mM EDTA, pH 8.5). SYBR safe
(100 μL/L) was used to stain the gel. The experiment was
carried out at 80 V for 90min employing submarine gel
electrophoresis equipment (VWR, Radnor, PA, United States).
A Sony digital camera under UV light was used to acquire the
images which were analyzed using AlphaEase stand-alone software
(Alpha Innotech Co., San Leandro, CA, United States). The
percentage of inhibition was calculated according to Eq. 2.
Supercoiled DNA retention was expressed as a percentage.

DNAstrand breakage inhibition �
[(supercoiledDNA intensity in the presence of oxidant

and extract/supercoiledDNA intensity devoid of oxidant

and extract)] × 100

(2)

2.8 Statistical Analysis
Data represented as the mean ± SD (standard deviation).
Statistical analysis of the data was performed with one-way
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TABLE 1 | Palynological analysis of the botanical origin and classification of honeybee pollen samples (HBPs).

Sample Classification Predominant
species
(≥45%)

Secondary species (16–45%) Important minor species (3–15%) Minor species (≤3%)

HBP1 Multifloral Non-
Native

Brassica rapa L. 16.78 Acacia sp. 14.82
Taraxacum officinale F.H.Wigg. 14.82
Trifolium repens L. 11.98
Buddleja globosa Hope 11.11
Ulex europaeus L. 8.49
Embothrium coccineum J.R.Forst.
& G.Forst.

8.06

Gaultheria mucronata (L.f.) Hook.
& Arn.

7.84

Tepualia stipularis (Hook.fil.)
Griseb.

6.10

HBP2 Multifloral Non-
Native

Trifolium repens L. 16.30 Luma apiculata (DC.) Burret 12.41
Caldcluvia paniculata (Cav.) D. Don 11.85
Eucryphia cordifolia Cav. 11.30
Buddleja globosa Hope 10.19
Brassica rapa L. 8.89
Taraxacum officinale F.H. Wigg. 8.89
Tepualia stipularis (Hook. & Arn.)
Griseb.

8.33

Castanea sativa Mill. 7.22
Gaultheria mucronata (L.f.) Hook.
& Arn.

4.63

HBP3 Multifloral Non-
Native

Lotus pedunculatus Cav. 23.05 Brassica rapa L. 14.86
Luma apiculata (DC.) Burret 12.95
Taraxacum officinale F.H. Wigg. 11.24
Buddleja globosa Hope 7.62
Embothrium coccineum J.R.Forst.
& G.Forst.

7.43

Rubus constrictus P.J.Müll. &
Lefèvre

7.24

Ulex europaeus L. 6.86
Trifolium repens L. 5.33

HBP4 Multifloral Non-
Native

Brassica rapa L. 17.44 Castanea sativa Mill. 3.43 Embothrium
coccineum

2.41

Ulex europaeus L. 17.03 Lotus pedunculatus Cav. 15.63 Gaultheria
mucronata

1.60

Taraxacum officinale F.H. Wigg. 13.62
Trifolium repens L. 10.82
Luma apiculata (DC.) Burret 8.22
Rubus constrictus P.J.Müll. &
Lefèvre

8.22

Buddleja globosa Hope 5.01

HBP5 Multifloral Non-
Native

Caldcluvia paniculata (Cav.)
D. Don

22.93 Rubus constrictus P.J.Müll. &
Lefèvre

14.65

Eucryphia cordifolia Cav. 13.59
Brassica rapa L. 11.04
Lotus pedunculatus Cav. 9.98
Trifolium repens L. 8.49
Taraxacum officinale F.H. Wigg. 8.07
Buddleja globosa Hope 6.58
Fern spores 4.67

HBP6 Multifloral Non-
native

Brassica rapa L. 17.42 Eucryphia cordifolia Cav. 15.98 Fern spores 0.21
Trifolium repens L. 13.73
Buddleja globosa Hope 13.73
Rubus constrictus P.J.Müll. &
Lefèvre

12.09

Lotus pedunculatus Cav. 9.84
Taraxacum officinale F.H. Wigg. 9.84
Luma apiculata (DC.) Burret 7.17

(Continued on following page)
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TABLE 1 | (Continued) Palynological analysis of the botanical origin and classification of honeybee pollen samples (HBPs).

Sample Classification Predominant
species
(≥45%)

Secondary species (16–45%) Important minor species (3–15%) Minor species (≤3%)

HBP7 Multifloral Non-
native

Ulex europaeus L. 14.72
Acacia sp. 13.96
Castanea sativa Mill. 13.02
Weinmannia trichosperma Cav. 11.51
Buddleja globosa Hope 10.57
Trifolium repens L. 10.38
Taraxacum officinale F.H. Wigg. 7.36
Lotus pedunculatus Cav. 5.85
Brassica rapa L. 5.47
Luma apiculata (DC.) Burret 3.96
Rubus constrictus P.J.Müll. &
Lefèvre

3.21

HBP8 Multifloral Non-
native

Brassica rapa L. 22.03 Luma apiculata (DC.) Burret 13.03
Lotus pedunculatus Cav. 18.58 Buddleja globosa Hope 12.84

Ulex europaeus L. 12.64
Taraxacum officinale F.H. Wigg. 8.62
Castanea sativa Mill. 6.71
Fern spores 5.56

HBP9 Multifloral Non-
native

Lotus pedunculatus Cav. 19.08 Trifolium repens L. 12.91
Ulex europaeus L. 17.15 Taraxacum officinale F.H. Wigg. 9.83

Brassica rapa L. 9.06
Luma apiculata (DC.) Burret 7.71
Gaultheria mucronata (L.f.) Hook.
& Arn.

7.51

Acacia sp. 6.94
Castanea sativa Mill. 5.20
Buddleja globosa Hope 4.62

HBP10 Multifloral Non-
native

Brassica rapa L. 20.21 Caldcluvia paniculata (Cav.) D. Don 14.53 Gaultheria
mucronata

2.53
Embothrium coccineum J.R. Forst.
& G. Forst.

13.05

Tepualia stipularis (Hook. & Arn.)
Griseb.

12.63

Luma apiculata (DC.) Burret 11.58
Eucryphia cordifolia Cav. 10.11
Lotus pedunculatus Cav. 7.79
Castanea sativa Mill. 7.58

HBP11 Multifloral Non-
native

Brassica rapa L. 27.23 Tepualia stipularis (Hook. & Arn.)
Griseb.

15.11 Gaultheria
mucronata

1.7

Lotus pedunculatus Cav. 17.23 Buddleja globosa Hope 9.57
Castanea sativa Mill. 9.57
Trifolium repens L. 8.72
Embothrium coccineum J.R. Forst.
& G. Forst.

5.75

Eucryphia cordifolia Cav. 5.11

HBP12 Multifloral Non-
native

Brassica rapa L. 26.98 Tepualia stipularis (Hook. & Arn.)
Griseb.

14.36

Buddleja globosa Hope 13.66
Trifolium repens L. 11.58
Rubus constrictus P.J.Müll. &
Lefèvre

10.68

Acer campestre L. 9.64
Ulex europaeus L. 9.09
Castanea sativa Mill. 4.02
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ANOVA followed by Tukey post-hoc test. All analyses were
performed using Origin Pro 8 software (MA, United States).
Correlation analysis was carried out using Pearson correlation
analysis. Differences were considered significant at p < 0.05.

3 RESULTS AND DISCUSSION

3.1 Botanical Origin
The botanical origin of the bee pollen analyzed is presented in
Table 1. Botanical origin describes the plant sources used by Apis
mellifera bees to produce HBP. This report allows to categorize
species according to their geographical distribution as native,
non-native, or mixed and classified as monofloral or multifloral
depending on the botanical composition of the samples.
Monofloral bee pollen has not less than 80% of the same
species (taxon) and multifloral is a mixture of pollen from
different taxa where no taxon constitutes more than 80%
(Campos et al., 2008). All analyzed HBPs from the X Region
de Los Lagos of Chile corresponded to non-native multifloral and
the predominant plant species were Brassica rapa L., Lotus
pedunculatus Cav., and Ulex europaeus L. The native species
appears as important minor species (3–15%) as “matico”
(Buddleja globosa Hope), “arrayán” (Luma apiculata (DC.)
Burret), “notro” (Embothrium coccineum J.R. Forst. & G.
Forst.), and “ulmo” (Eucryphia cordifolia Cav.). Honeybee is
selective in the use of the species that provide pollen. The
group of introduced species that appear in a significant
frequency in the HBPs studied are also more abundant in this
geographical area. In addition, they are sources highly
appreciated by bees for pollen collection.

3.2 Total Phenolic and Flavonoid Contents
and Antioxidant Capacity
Table 2 shows the mean values of total phenolic content (TPC),
total flavonoids contents (TFC), FRAP, and ORAC-FL, in HBPE.
HBPE3 showed the highest value for TPC (1,532 ± 91 GAE/100 g
of HBP) while HBPE8 showed the lowest value for TPC (519 ±

16 mg GAE/100 g of HBP). The TFC ranged between 788 ± 4 QE/
100 g of HBP (HBPE10) and 215 ± 8 mg QE/100 g HBP
(HBPE12). The values of antioxidant capacity, evaluated by
FRAP and ORAC-FL, were between 113.99 ± 4.92 (HBPE3)
and 24.66 ± 1.23 μmol TE/g HBP (HBPE7), and between
484.98 ± 35.55 (HBPE10) and 176.07 ± 24.20 μmol TE/g HBP
(HBPE8), respectively.

The Pearson correlation analysis of the 12 HBPEs showed a
statistically significant strong positive correlation with the
antioxidant capacity measured by ORAC-FL and total
phenolic content (R = 0.93; p ≤ 0.01) and a moderate
correlation between the flavonoid content (R = 0.66; p ≤ 0.01).
Nonetheless, no significant correlation was observed between the
phenolic or flavonoid content and FRAP. HBP varies in the
content of antioxidants phytochemicals depending upon
botanical origin, atmospheric conditions, soil nature, and
behavior of the bees (Khalifa et al., 2021). The changes in
phytochemical content can be monitored using standardized
antioxidant capacity assays like ORAC (Prior, 2015). The
ORAC value is still a relevant method in food products, and it
is increasingly applied in the area of nutraceuticals. A recent study
(de Camargo et al., 2019) demonstrated that ORAC and FRAP
values were good predictors of the reduction of the activation of
NF-κB in a cell model, which is induced by oxidative stress. The
average values of total phenols (TPC: 5–14 mg GAE/100 g HBP),
flavonoids (TFC: 2–8 mg QE/100 g HBP), ORAC-FL
(177–480 μmol TE/g HBP) and FRAP (25–108 μmol TE/g
HBP), in HBPEs from the southern region of Chile are similar
to HBPEs from the central region of Chile, as V Region de
Valparaiso (TPC: 5–14 mg GAE/100 g HBP; TFC: 1-3 QE/100 g
HBP; ORAC: 160–477 μmol TE/g HBP; FRAP: 42–120 μmol TE/
g HBP) (Bridi et al., 2019; Oyarzún et al., 2021) and from others
countries like Italy (TPC: 13–25 mg GAE/100 g HBP; TFC: 5-15
QE/100 g HBP; ORAC 500–677 μmol TE/g HBP) (Gabriele et al.,
2015), Brazil (TPC: 9–21 mg GAE/100 g HBP; TFC: 0.3-19 QE/
100 g HBP; ORAC 300–480 μmol TE/g HBP) (De-Melo et al.,
2016) and Portugal (TPC: 16–45 mg GAE/100 g HBP; TFC: 4-10
QE/100 g HBP; ORAC: 150–255 μmol TE/g HBP) (Dias et al.,
2016). The regions of origin of these pollens are located in a

TABLE 2 | Average values of total phenolic content (TPC), total flavonoids content (TFC), FRAP, and ORAC-FL in honeybee pollen extracts (HBPEs).

Sample TPC (mg GAE/100 g HBP) TFC (mg QE/100 g HBP) FRAP (μmol TE/g HBP) ORAC (μmol TE/g HBP)

HBPE1 1,408 ± 96 493 ± 35 111.25 ± 3.77 377.40 ± 28.32
HBPE2 1,198 ± 54 424 ± 21 103.03 ± 3.04 322.24 ± 20.87
HBPE3 1,532 ± 91 421 ± 46 113.99 ± 4.92 376.34 ± 31.19
HBPE4 1,327 ± 88 444 ± 39 108.54 ± 6.55 385.50 ± 35.34
HBPE5 546 ± 28 422 ± 17 27.52 ± 1.81 177.73 ± 8.81
HBPE6 644 ± 7 465 ± 32 29.71 ± 1.26 205.81 ± 16.92
HBPE7 533 ± 9 408 ± 1 24.66 ± 1.23 179.57 ± 21.80
HBPE8 519 ± 16 397 ± 11 24.96 ± 0.86 176.07 ± 24.20
HBPE9 1,313 ± 40 778 ± 37 26.67 ± 2.33 451.18 ± 31.57
HBPE10 1,438 ± 47 788 ± 4 28.11 ± 2.73 484.98 ± 35.55
HBPE11 1,447 ± 51 748 ± 42 28.83 ± 5.72 480.37 ± 38.57
HBPE12 1,140 ± 55 215 ± 8 93.62 ± 7.71 338.30 ± 24.23

HBP, honeybee pollen, Values are reported asmean ± SD of 3 independent experiments performed in triplicate. The total phenol results are expressed asmg gallic acid equivalents (GAE)/
100 g fresh HBP; flavonoids are expressed as mg quercetin equivalents (QE)/100 g fresh HBP; TRAP as μmol Trolox equivalents (TE)/g fresh HBP, and ORAC-FL as μmol Trolox
equivalents/g fresh HBP.
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climatic type known as temperate or one of the subtypes of
temperate. Beekeeping products from temperate climates are
characterized by the abundance of phenolic compounds.

3.3 Polyphenolic Profiles of HBPEs
The polyphenolic profiles of HBPEs were analyzed by HPLC-
DAD. The concentrations of the most characteristic phenolic
compounds (cinnamic acids, flavonols, flavones, and flavanones)
were determined. The results are shown in Tables 3, 4 and
Supplementary Figures S1, S2. Sixteen phenolic compounds
and abscisic acid were quantified, among them five phenolic
compounds were well-established in all HBPEs (ferulic acid,
cinnamic acid, rutin, myricetin, and quercetin). The
concentrations of ferulic and cinnamic acids ranged from 5.82
to 43.6 and from 3.30 to 29.5 mg/100 g HBP, respectively. Sinapic
acid, syringic acid, chlorogenic acid, apigenin, naringin, and
abscisic acid were also found in most HBPEs in significant
quantities. In contrast, rhamnetin was detected only in two
HBPEs. The abscisic acid was found in a concentration range
from 2.6 to 26.8 mg/100 g of HBP. The presence of abscisic acid,
an important phytohormone regulating plant growth, is

implicated in the responses of the plants to a variety of
stresses (Sharma and Nayyar, 2016). The range of values
found may be related to the period (2018–2019) or location
where the HBPEs were collected.

The content of rutin, which is a quercetin derivative, varied
from 1.14 to 90.54 mg/100 g HBP while the concentration of
aglycone form ranged from 5.40 to 109.85 mg/100 g HBP. It is
well accepted that flavonoid aglycones generally exhibit higher
antioxidant activity than that of their conjugated form.
Furthermore, although an extremely high concentration of
myricetin was found (10.07–689.24 mg/100 g HBP), this
compound easily undergoes autoxidation and is less stable
than quercetin, which could lead to its underestimation during
long-term storage, thus not necessarily reflecting the initial
concentration in the feedstock (Atala et al., 2017). Quercetin
has been found to exhibit higher antioxidant activity and can be
used in food and biological systems to promote health and reduce
disease risks (Huber et al., 2009; Oh et al., 2021; Yeung et al.,
2021). Therefore, literature data and the results presented here
lend support to the proposal to use quercetin as a marker for
determining the quality of Chilean HBP (Bridi et al., 2019).

TABLE 3 | Phenolic acids and abscisic acid of honeybee pollen extracts (HBPEs) as determined by HPLC-DAD.

mg/100 g HBP

Sample Chlorogenic
acid

Caffeic
acid

Syringic
acid

Coumaric
acid

Sinapic
acid

Ferulic
acid

Abscisic
acid

Cinnamic
acid

HBPE1 3.03 ± 0.36 4.48 ± 1.76 0 4.09 ± 0.24 62.13 ± 0.79 10.76 ± 0.36 35.52 ± 0.6 16.36 ± 0.29
HBPE2 3.61 ± 1.09 0 8.78 ± 0.10 3.06 ± 0.15 0 30.19 ± 0.42 16.62 ± 0.55 24.11 ± 1.06
HBPE3 3.93 ± 0.07 0 9.02 ± 0.04 4.31 ± 0.01 24.78 ± 2.57 43.6 ± 1.00 26.81 ± 0.76 29.30 ± 1.05
HBPE4 5.07 ± 0.36 0 9.10 ± 0.10 3.60 ± 0.11 1.28 ± 0.07 18.22 ± 1.63 20.99 ± 0.18 25.47 ± 0.28
HBPE5 1.29 ± 0.12 0 10.02 ± 0.20 0 14.07 ± 0.48 8.31 ± 0.77 0 3.30 ± 0.08
HBPE6 2.10 ± 0.44 0 14.29 ± 0.14 0 14.45 ± 0.04 11.05 ± 0.24 3.51 ± 0.06 4.16 ± 0.03
HBPE7 0 0 10.14 ± 0.05 0 10.42 ± 0.11 6.78 ± 1.24 2.56 ± 0.12 4.48 ± 0.08
HBPE8 0 0 12.06 ± 0.20 0.03 ± 0.04 11.98 ± 0.14 9.97 ± 0.73 3.21 ± 0.11 4.62 ± 0.07
HBPE9 2.42 ± 0.07 1.72 ± 0.01 0 1.61 ± 0.02 0 14.13 ± 0.19 11.56 ± 0.18 12.38 ± 0.04
HBPE10 0.38 ± 0.13 4.2 ± 0.01 0 2.29 ± 0.05 0 20.39 ± 0.22 11.72 ± 0.25 14.78 ± 0.14
HBPE11 0.64 ± 0.04 0 4.68 ± 0.08 0.21 ± 0.04 0 9.57 ± 0.17 18.88 ± 0.32 19.25 ± 0.38
HBPE12 0 0 18.85 ± 0.36 0.81 ± 0.03 0 5.82 ± 0.31 18.97 ± 0.16 29.5 ± 0.16

HBP, honeybee pollen, Data are expressed as mg/100 g fresh HBP, and the values represent the means ± SD (n = 3).

TABLE 4 | Flavonoids of honeybee pollen extracts (HBPEs) as determined by HPLC-DAD.

mg/100 g HBP

Sample Epicatechin Rutin Myricetin Quercetin Naringenin Apigenin Kaempferol Rhamnetin Galangin

HBPE1 72.01 ± 3.47 12.26 ± 1.61 155.53 ± 14.3 44.72 ± 0.44 0 98.69 ± 2.85 0 0.58 ± 0.31 0
HBPE2 28.43 ± 0.04 6.14 ± 0.93 476.39 ± 4.73 50.46 ± 6.94 12.39 ± 0.14 100.22 ± 13.92 0 0 0
HBPE3 41.41 ± 4.33 6.92 ± 1.90 689.24 ± 12.76 51.92 ± 1.69 16.17 ± 0.58 125.14 ± 1.55 0 0 0
HBPE4 35.97 ± 3.53 6.34 ± 0.07 68.14 ± 0.93 65.56 ± 1.98 11.57 ± 0.04 88.60 ± 6.29 0 0 0
HBPE5 0 90.54 ± 0.69 24.07 ± 1.13 6.53 ± 3.42 2.19 ± 0.53 10.29 ± 1.86 3.73 ± 0.61 0 2.86 ± 0.77
HBPE6 0 74.79 ± 0.55 27.06 ± 0.68 18.62 ± 0.88 3.37 ± 0.18 7.46 ± 0.53 0.5 ± 0.06 0 1.11 ± 0.13
HBPE7 199.06 ± 1.71 57.62 ± 0.19 26.06 ± 0.68 5.40 ± 0.58 2.30 ± 0.03 5.84 ± 1.80 1.84 ± 0.46 0 2.06 ± 0.30
HBPE8 0 78.27 ± 0.40 24.33 ± 1.13 12.97 ± 1.33 2.39 ± 0.32 0 1.99 ± 0.09 0 4.04 ± 0.18
HBPE9 0 1.78 ± 0.04 10.07 ± 0.20 19.50 ± 0.31 0 3.29 ± 0.15 0 0 0
HBPE10 0 2.72 ± 1.33 17.00 ± 0.29 30.52 ± 0.67 0.29 ± 0.01 0 0 0 0
HBPE11 5.24 ± 0.44 3.69 ± 0.09 16.47 ± 0.12 24.20 ± 1.06 3.37 ± 0.37 13.69 ± 1.40 0.42 ± 0.32 0 1.93 ± 0.05
HBPE12 4.42 ± 0.13 2.58 ± 0.16 48.79 ± 2.02 109.85 ± 4.78 0.71 ± 0.06 7.14 ± 0.12 20.41 ± 0.18 0 0

HBP, honeybee pollen, Data are expressed as mg/100 g fresh HBP, and the values represent the means ± SD (n = 3).
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Furthermore, it presented a higher antioxidant activity towards
copper-induced low-density lipoprotein oxidation than several
quercetin derivatives (Oh et al., 2021).

3.4 In Vitro Gastrointestinal Digestion Assay
From the results shown in Table 4, for the phenolic profile of
HBP from the X Region of Chile, three HBPEs were selected
according to their content of quercetin, to create three categories:
high (HBPE12), medium (HBPE10), and low (HBPE5) quercetin
content. These HBPEs were used in the static in vitro

gastrointestinal digestion assay. The impact of gastrointestinal
digestion on total phenolic content (TPC), antioxidant activity
(ORAC-FL), and quercetin, myricetin, and cinnamic acid
concentrations of HBPEaq are shown in Table 5.

The TPC of HBPEaq slightly decreased during salivary pre-
digestion (MTH) (range recovery 84.4–94.1%) and gastric
digestion initial (GDI) (range recovery 65.3–100%) steps in all
HBPEaqs. On the other hand, at the end of the intestinal digestion
step (JJM) and (ILN) full bioaccessibility of the phenolics was
found, showing no significant difference with the HBPEaq (p <

TABLE 5 | Total phenolic content (TPC), antioxidant activity (ORAC-FL), quercetin, myricetin, and cinnamic acid concentration at different digestion steps in the bioaccessible
fractions in honeybee pollen extracts (HBPEs).

HBPE5 (low QE) HBPE10 (medium QE) HBPE12 (high QE)

TPC (mg
GAE/L extract)

Bioaccessibility
(%)

TPC (mg
GAE/L extract)

Bioaccessibility
(%)

TPC (mg
GAE/L extract)

Bioaccessibility
(%)

HBPEaq* 473 ± 85a 100.0 1,561 ± 127a 100.0 1,209 ± 34a 100.0
MTH 430 ± 37a 90.9 1,199 ± 132b 76.8 1,021 ± 55b 84.4
GD 472 ± 47a 100.0 1,176 ± 47b 75.3 790 ± 110c 65.3
DDM 566 ± 68a,b 119.7 1,333 ± 154b 85.4 967 ± 129b 80.0
JJM 597 ± 69b 126.2 1,405 ± 242ab 90.0 1,243 ± 58a 102.8
ILN 483 ± 78a 102.1 1,444 ± 206ab 92.5 1,219 ± 71a 100.8

ORAC-FL (μmol TE/g
extract)

Bioaccessibility (%) ORAC-FL (μmol TE/g
extract)

Bioaccessibility (%) ORAC-FL (μmol TE/g
extract)

Bioaccessibility (%)

HBPEaq* 167 ± 3a 100.0 420 ± 15a 100.0 331 ± 22a 100.0
MTH 148 ± 9b 88.6 370 ± 31b 88.1 324 ± 97b 82.6
GD 106 ± 9c 63.5 303 ± 36c 72.1 192 ± 3c 37.2
DDM 143 ± 12b 85.6 374 ± 39b 89.0 314 ± 4b 51.9
JJM 149 ± 10b 89.2 375 ± 3b 89.3 321 ± 81a 139.7
ILN 154 ± 13a,b 92.2 394 ± 28ab 93.8 306 ± 80 125.2

Quercetin Concentration
(mg/100 g HBP)

Bioaccessibility (%) Quercetin Concentration
(mg/100 g HBP)

Bioaccessibility (%) Quercetin Concentration
(mg/100 g HBP)

Bioaccessibility (%)

HBPEaq* 3.67 ± 0.18a 100.0 17.84 ± 0.54a 100.0 54.92 ± 1.49a 100.0
MTH 0.41 ± 0.08b 11.1 3.58 ± 0.03b 20.1 5.64 ± 0.08b 10.3
GD 0.31 ± 0.00b 8.4 2.92 ± 0.29b 16.4 7.61 ± 0.19b 13.8
DDM 2.21 ± 0.28c 60.2 4.12 ± 0.09bc 23.1 7.29 ± 3.78b 13.3
JJM 2.42 ± 0.32c 65.9 4.94 ± 0.60c 27.7 8.58 ± 2.29b 15.6
ILN 2.25 ± 0.36c 61.3 4.95 ± 0.75c 27.7 8.52 ± 2.21b 15.5

Myricetin Concentration
(mg/100 g HBP)

Bioaccessibility (%) Myricetin Concentration
(mg/100 g HBP)

Bioaccessibility (%) Myricetin Concentration
(mg/100 g HBP)

Bioaccessibility (%)

HBPEaq* 14.49 ± 0.14a 100.0 16.25 ± 0.40a 100.0 40.58 ± 0.26a 100.0
MTH 11.60 ± 1.56b 80.1 1.29 ± 0.17b 13.5 24.61 ± 2.39b 60.6
GD 5.26 ± 1.36c 36.3 5.21 ± 0.34c 54.5 28.81 ± 4.72b 70.9
DDM 21.87 ± 0.43d 150.9 10.59 ± 0.06d 110.9 36.19 ± 1.51a 89.2
JJM 21.80 ± 0.88d 150.4 13.81 ± 0.16e 144.7 34.91 ± 3.59ab 86.0
ILN 21.43 ± 0.67d 147.8 13.79 ± 0.29e 144.5 36.38 ± 6.80a 89.7

Cinnamic acid
Concentration (mg/

100 g HBP)

Bioaccessibility (%) Cinnamic acid
Concentration (mg/

100 g HBP)

Bioaccessibility (%) Cinnamic acid
Concentration (mg/

100 g HBP)

Bioaccessibility (%)

HBPEaq* 1.61 ± 0.10 100.0 13.57 ± 0.12a 100.0 36.30 ± 0.31a 100.0
MTH ND 0.0 1.44 ± 0.13b 10.6 0.19 ± 0.04b 0.5
GD ND 0.0 1.32 ± 0.19b 9.7 0.05 ± 0.00b 0.0
DDM ND 0.0 1.24 ± 0.04b 9.1 1.28 ± 0.02b 3.47
JJM ND 0.0 1.51 ± 0.03b 11.2 2.04 ± 0.03b 5.54
ILN ND 0.0 1.63 ± 0.05b 12.0 2.04 ± 0.03b 5.52

HBP, honeybee pollen; HBPEaq* aqueous honeybee pollen extract (non-digested), MTH, oral phase; GD, gastric digestion; DDM, duodenum; JJM, jejunum; ILN, ileum. Identical letters
indicate absence of significant difference (ANOVA, Tukey p < 0.05).
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0.05). The decrease, despite being low, in the oral phase can be
related to the low solubility of phenolic compounds in salivary
fluid and the short period of this step (3 min) (Ydjedd et al.,
2017). In the stomach, the reactivity of polyphenols with the
Folin-Ciocalteu reagent could be affected by acidity pH (pH < 2),
with similar results reported in other studies (Wojtunik-Kulesza
et al., 2020).

The antioxidant activity of plant food extracts is mainly
linked to their phenolic compounds. However, the
antioxidant properties of these compounds could change by
chemical alterations resulting from different mechanisms
during gastrointestinal digestion. The influence of in vitro
gastrointestinal digestion was evaluated using ORAC-FL
method. Regarding the results of HBPEaq after digestion, the
average bioaccessibility in the oral phase is 86%, decreasing to
57% in the gastric phase. In intestinal digestion steps more
bioaccessibility was found, mainly the last steps (JJM and ILN)
with an average of 106 and 103%, respectively, and no
significant difference with the HBPEaq (p < 0.05). The
results obtained in the bioaccessibility of the TPC (Folin-
Ciocalteau) and ORAC-FL are comparable and consistent
with the correlation described above.

The HPLC-DAD analysis allowed identification and
quantification after each digestion phase of quercetin and
myricetin as well as cinnamic acid. The HBPEaq analyzed
showed different content of quercetin. The results obtained
showed variable bioaccessible quercetin after the digestion
process. Quercetin bioaccessibility during salivary pre-digestion
(MTH) varied within a range from 10 to 20% and during gastric
digestion initial (GDI) from 8 to 16%. The detected
concentrations of cinnamic acid were very low (range 3–12%)
and were not detected, even in HBPE5 which was expected since
the original aqueous extract (non-digested) had a very low
concentration of cinnamic acid. In contrast, myricetin showed
a high bioaccessibility after the digestion process, mainly in the
intestinal digestion steps, reaching values greater than 100%. This
increase in the number of flavonoids may be related to the
hydrolysis of some complex compounds from their glycoside
to aglycone form (Chait et al., 2020). The release of individual
phenolics during digestion differs from one compound to
another. In fact, some phenolic acids (gallic and p-coumaric
acids) can be released during the gastric phase in an acidic
medium. Likewise, some flavonoids (naringenin, quercetin-
rhamnoside, and myricetin-rhamnoside) have been reported to
be hydrolyzed. Furthermore, other phenolic compounds are
released in a neutral medium after oral and intestinal phases
(Ydjedd et al., 2017).

The gastrointestinal environment is an important site of
prooxidants including caffeine, sulfite myoglobin, dietary
nitrite, heme proteins, iron, copper, aldehydes, nonsteroidal
anti-inflammatory drugs, polycyclic aromatic hydrocarbons,
and mycotoxins (Halliwell et al., 2000; Fuentes et al., 2021;
Sampaio et al., 2021; Soares et al., 2021). Therefore, the
prevention of oxidative stress at the gastrointestinal level is
extremely relevant. The present study anticipates that,
regardless of the sample, quercetin and myricetin would reach
gastric and intestinal phases. In contrast, cinnamic acid was not

detected at any stage of digestion since its initial concentration
was the lowest (HBPE5) among all tested materials.

3.5 Inhibition of Peroxyl Radical Induced
Supercoiled Plasmid DNA Strand Breakage
DNA damage is well recognized by its potential to cause
mutagenesis that may lead to cancer initiation, and may be
caused by many xenobiotics that induce the generation of
ROS. According to a recent report of Ministerio de Salud de
Chile (MINSAL, 2018 https://www.gob.cl/plannacionaldecancer/
) the mortality from intestinal cancer (small, colon, and rectum)
has increased by 49% in Chile, which is higher than that of the
prostate (34%) and breast (29%) cancers. Therefore, there is an
interest in obtaining natural products that may prevent DNA
damage at the gastrointestinal level. In the present study, in
general, both TPC and ORAC values were higher in the intestinal
phase than the values found after the gastrointestinal digestion.
According to literature, TPC (de Camargo et al., 2014; Ayoub
et al., 2016) and quercetin concentration (de Camargo et al.,
2014) were highly correlated with the inhibition of peroxyl
radical-induced DNA oxidation. Furthermore, the protective
effect of phenolics obtained from the gastric digesta (78.3%)
was lower than those collected from the intestinal digesta (up
to 91.2%), which follows the same trend of the antioxidant
activity towards peroxyl radicals (ORAC assay, Table 5).
Although some differences were found, it is possible to state
that the contents of bioaccessible phenolics of HBPEaq are quite
effective in preventing DNA damage. The details observed for the
electrophoresis and figure of supercoiled plasmid DNA strand
breakage inhibition at different digestion steps in the
bioaccessible fractions in HBPE12 are presented in
Supplementary Figures S3, S4. Therefore, the results of the
present study encourage further in vivo investigation focusing
on the potential of HBPEaq in preventing gastric and/or intestinal
cancer.

4 CONCLUSION

The present study is the first to report on HBP from the
Southern region of Chile (X Region). The results showed a
significant phenolic content and antioxidant capacity and
reducing power. Cinnamic acid, myricetin, and quercetin
had a high concentration in all HBPEs. Myricetin was the
most bioaccessible compound as demonstrated by in vitro
gastrointestinal digestion, followed by quercetin and
cinnamic acid. However, the antioxidant capacity towards
ROS in HBPEs remained high in all digestion stages. The
same trend was found when evaluating the protective effect
of in vitro digested HBP towards DNA damage induced by
peroxyl radicals, which showed very promising results (up to
91.2% protection). Consequently, HBPs from the X Region de
Los Lagos are rich sources of phenolic antioxidants that protect
in vitro DNA from strand breakage. The latter encourages
further investigation focusing on the potential of preventing
gastric and/or intestinal cancer.

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 77521910

Bridi et al. Bioactivity of Chilean Honeybee Pollen Extracts

https://www.gob.cl/plannacionaldecancer/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

AL, PP, and EA performed antioxidant experiments
and HPLC-DAD analysis. AL, OG, and KA-H performed
the digestion assay and AC, WO, and FS the DNA
damage assay. GM provides and analyses the
botanical origin. RB, JE, FS, AC, and KA-H designed,
supervised the work, and prepared the manuscript. All

authors have read and agreed to the published version of
the manuscript.

FUNDING

This research was funded by FIA (PYT-2018-0315), Fondequip
EQM160042 and PAI/ACADEMIA 79160109 from CONICYT.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.775219/
full#supplementary-material

REFERENCES

Adebooye, O. C., Alashi, A. M., and Aluko, R. E. (2018). A Brief Review on
Emerging Trends in Global Polyphenol Research. J. Food Biochem. 42 (4),
e12519. doi:10.1111/jfbc.12519

Adriano Costa de, C., and Renan da Silva, L. (2019). A Perspective on Phenolic
Compounds, Their Potential Health Benefits, and International Regulations:
The Revised Brazilian Normative on Food Supplements. J. Food Bioact. 7, 7–17.
doi:10.31665/JFB.2019.7193

Ah-Hen, K. S., Mathias-Rettig, K., Gómez-Pérez, L. S., Riquelme-Asenjo, G.,
Lemus-Mondaca, R., and Muñoz-Fariña, O. (2018). Bioaccessibility of
Bioactive Compounds and Antioxidant Activity in Murta (Ugni Molinae T.)
Berries Juices. Food Measure 12, 602–615. doi:10.1007/s11694-017-9673-4

Amarowicz, R. (2016). Natural Phenolic Compounds Protect LDL against
Oxidation. Eur. J. Lipid Sci. Technol. 118 (5), 677–679. doi:10.1002/ejlt.
201600077

Ares, A. M., Valverde, S., Bernal, J. L., Nozal, M. J., and Bernal, J. (2018). Extraction
and Determination of Bioactive Compounds from Bee Pollen. J. Pharm.
Biomed. Anal. 147, 110–124. doi:10.1016/j.jpba.2017.08.009

Atala, E., Fuentes, J., Wehrhahn, M. J., and Speisky, H. (2017). Quercetin and
Related Flavonoids Conserve Their Antioxidant Properties Despite Undergoing
Chemical or Enzymatic Oxidation. Food Chem. 234, 479–485. doi:10.1016/j.
foodchem.2017.05.023

Avila, G., Montenegro, G., and Gómez, M. (1992). Importancia relativa de especies
cuyo polen es utilizado por Apis M en el área de la Reserva Nacional Los Ruiles,
VII región de Chile. Acta Bot. Malac. 17, 167–174.

Aylanc, V., Tomás, A., Russo-Almeida, P., Falcão, S. I., and Vilas-Boas, M. (2021).
Assessment of Bioactive Compounds under Simulated Gastrointestinal
Digestion of Bee Pollen and Bee Bread: Bioaccessibility and Antioxidant
Activity. Antioxidants (Basel) 10 (5), 651. doi:10.3390/antiox10050651

Ayoub, M., de Camargo, A. C., and Shahidi, F. (2016). Antioxidants and
Bioactivities of Free, Esterified and Insoluble-Bound Phenolics from berry
Seed Meals. Food Chem. 197, 221–232. doi:10.1016/j.foodchem.2015.10.107

Bridi, R., Atala, E., Pizarro, P. N., and Montenegro, G. (2019). Honeybee Pollen
Load: Phenolic Composition and Antimicrobial Activity and Antioxidant
Capacity. J. Nat. Prod. 82 (3), 559–565. doi:10.1021/acs.jnatprod.8b00945

Campos, M. G. R., Bogdanov, S., de Almeida-Muradian, L. B., Szczesna, T.,
Mancebo, Y., Frigerio, C., et al. (2008). Pollen Composition and
Standardisation of Analytical Methods. J. Apic Res. 47 (2), 154–161. doi:10.
1080/00218839.2008.11101443

Chait, Y. A., Gunenc, A., Bendali, F., and Hosseinian, F. (2020). Simulated
Gastrointestinal Digestion and In Vitro Colonic Fermentation of Carob
Polyphenols: Bioaccessibility and Bioactivity. LWT 117, 108623. doi:10.1016/
j.lwt.2019.108623

Cornara, L., Biagi, M., Xiao, J., and Burlando, B. (2017). Therapeutic Properties of
Bioactive Compounds from Different Honeybee Products. Front. Pharmacol. 8,
412. doi:10.3389/fphar.2017.00412

de Camargo, A. C., Biasoto, A. C. T., Schwember, A. R., Granato, D., Rasera, G. B.,
Franchin, M., et al. (2019). Should We Ban Total Phenolics and Antioxidant
Screening Methods? the Link between Antioxidant Potential and Activation of
NF-κB Using Phenolic Compounds from Grape By-Products. Food Chem. 290,
229–238. doi:10.1016/j.foodchem.2019.03.145

de Camargo, A. C., Regitano-d’Arce, M. A., Biasoto, A. C., and Shahidi, F. (2014).
Low Molecular Weight Phenolics of Grape Juice and Winemaking Byproducts:
Antioxidant Activities and Inhibition of Oxidation of Human Low-Density
Lipoprotein Cholesterol and DNA Strand Breakage. J. Agric. Food Chem. 62
(50), 12159–12171. doi:10.1021/jf504185s

de Camargo, A. C., Schwember, A. R., Parada, R., Garcia, S., Maróstica, M. R.,
Franchin, M., et al. (2018). Opinion on the Hurdles and Potential Health
Benefits in Value-Added Use of Plant Food Processing By-Products as Sources
of Phenolic Compounds. Int. J. Mol. Sci. 19 (11), 3498. doi:10.3390/
ijms19113498

De-Melo, A. A.M., Estevinho,M. L.M. F., Sattler, J. A. G., Souza, B. R., Freitas, A. d.
S., Barth, O. M., et al. (2016). Effect of Processing Conditions on Characteristics
of Dehydrated Bee-Pollen and Correlation between Quality Parameters. LWT -
Food Sci. Technol. 65, 808–815. doi:10.1016/j.lwt.2015.09.014

Denisow, B., and Denisow-Pietrzyk, M. (2016). Biological and Therapeutic
Properties of Bee Pollen: A Review. J. Sci. Food Agric. 96 (13), 4303–4309.
doi:10.1002/jsfa.7729

Dias, L. G., Tolentino, G., Pascoal, A., and Estevinho, L. M. (2016). Effect of Processing
Conditions on the Bioactive Compounds and Biological Properties of Bee Pollen.
J. Apicultural Res. 55 (5), 357–365. doi:10.1080/00218839.2016.1248109

Fereidoon, S., Vegneshwaran Vasudevan, R., and Won Young, O. (2019).
Bioavailability and Metabolism of Food Bioactives and Their Health Effects:
a Review. J. Food Bioact. 8, 6–41. doi:10.31665/JFB.2019.8204

Ferrari, C. K., and Torres, E. A. (2003). Biochemical Pharmacology of Functional
Foods and Prevention of Chronic Diseases of Aging. Biomed. Pharmacother. 57
(5), 251–260. doi:10.1016/S0753-3322(03)00032-5

Fuenmayor, B. C., Zuluaga, D. C., Díaz, M. C., Quicazán de, C. M., Cosio, M., and
Mannino, S. (2014). Evaluation of the Physicochemical and Functional
Properties of Colombian Bee Pollen. Rev. MVZ Córdoba 19, 4003–4014.
doi:10.21897/rmvz.120

Fuentes, J., de Camargo, A. C., Atala, E., Gotteland, M., Olea-Azar, C., and Speisky,
H. (2021). Quercetin Oxidation Metabolite Present in Onion Peel Protects
Caco-2 Cells against the Oxidative Stress, NF-kB Activation, and Loss of
Epithelial Barrier Function Induced by NSAIDs. J. Agric. Food Chem. 69
(7), 2157–2167. doi:10.1021/acs.jafc.0c07085

Gabriele, M., Parri, E., Felicioli, A., Simona, S., Pozzo, L., Domenici, V., et al.
(2015). Phytochemical Composition and Antioxidant Activity of Tuscan Bee
Pollen of Different Botanic Origins. Ital. J. Food Saf. 27, 248–259. doi:10.14674/
1120-1770/ijfs.v191

Gonçalves, J., Ramos, R., Luís, Â., Rocha, S., Rosado, T., Gallardo, E., et al. (2019).
Assessment of the Bioaccessibility and Bioavailability of the Phenolic
Compounds of Prunus Avium L. By In Vitro Digestion and Cell Model.
ACS Omega 4 (4), 7605–7613. doi:10.1021/acsomega.8b03499

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 77521911

Bridi et al. Bioactivity of Chilean Honeybee Pollen Extracts

https://www.frontiersin.org/articles/10.3389/fphar.2022.775219/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.775219/full#supplementary-material
https://doi.org/10.1111/jfbc.12519
https://doi.org/10.31665/JFB.2019.7193
https://doi.org/10.1007/s11694-017-9673-4
https://doi.org/10.1002/ejlt.201600077
https://doi.org/10.1002/ejlt.201600077
https://doi.org/10.1016/j.jpba.2017.08.009
https://doi.org/10.1016/j.foodchem.2017.05.023
https://doi.org/10.1016/j.foodchem.2017.05.023
https://doi.org/10.3390/antiox10050651
https://doi.org/10.1016/j.foodchem.2015.10.107
https://doi.org/10.1021/acs.jnatprod.8b00945
https://doi.org/10.1080/00218839.2008.11101443
https://doi.org/10.1080/00218839.2008.11101443
https://doi.org/10.1016/j.lwt.2019.108623
https://doi.org/10.1016/j.lwt.2019.108623
https://doi.org/10.3389/fphar.2017.00412
https://doi.org/10.1016/j.foodchem.2019.03.145
https://doi.org/10.1021/jf504185s
https://doi.org/10.3390/ijms19113498
https://doi.org/10.3390/ijms19113498
https://doi.org/10.1016/j.lwt.2015.09.014
https://doi.org/10.1002/jsfa.7729
https://doi.org/10.1080/00218839.2016.1248109
https://doi.org/10.31665/JFB.2019.8204
https://doi.org/10.1016/S0753-3322(03)00032-5
https://doi.org/10.21897/rmvz.120
https://doi.org/10.1021/acs.jafc.0c07085
https://doi.org/10.14674/1120-1770/ijfs.v191
https://doi.org/10.14674/1120-1770/ijfs.v191
https://doi.org/10.1021/acsomega.8b03499
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Halliwell, B., Zhao, K., and Whiteman, M. (2000). The Gastrointestinal Tract: A
Major Site of Antioxidant Action? Free Radic. Res. 33 (6), 819–830. doi:10.1080/
10715760000301341

Heusser, C. J., andMoar, N. T. (1973). Pollen and Spores of Chile: Modern Types of
the Pteridophyta, Gymnospermae, and Angiospermae. New Zealand J. Bot. 11
(2), 389–391. doi:10.1080/0028825x.1973.10430287

Hızır-Kadı, İ., Gültekin-Özgüven, M., Altin, G., Demircan, E., and Özçelik, B.
(2020). Liposomal Nanodelivery Systems Generated from Proliposomes for
Pollen Extract with Improved Solubility and In Vitro Bioaccessibility.Heliyon 6
(9), e05030. doi:10.1016/j.heliyon.2020.e05030

Huber, G. M., Vasantha Rupasinghe, H. P., and Shahidi, F. (2009). Inhibition of
Oxidation of omega-3 Polyunsaturated Fatty Acids and Fish Oil by Quercetin
Glycosides. Food Chem. 117, 290–295. doi:10.1016/j.foodchem.2009.04.007

Khalifa, S. A. M., Elashal, M. H., Yosri, N., Du, M., Musharraf, S. G., Nahar, L., et al.
(2021). Bee Pollen: Current Status and Therapeutic Potential. Nutrients 13 (6),
1876. doi:10.3390/nu13061876

Komosinska-Vassev, K., Olczyk, P., Kaźmierczak, J., Mencner, L., and Olczyk, K.
(2015). Bee Pollen: Chemical Composition and Therapeutic Application. Evid.
Based Complement. Alternat Med. 2015, 297425. doi:10.1155/2015/297425

Kostić, A. Ž., Milinčić, D. D., Stanisavljević, N. S., Gašić, U. M., Lević, S., Kojić, M.
O., et al. (2021). Polyphenol Bioaccessibility and Antioxidant Properties of In
Vitro Digested spray-dried Thermally-Treated Skimmed Goat Milk Enriched
with Pollen. Food Chem. 351, 129310. doi:10.1016/j.foodchem.2021.129310

Kumar, N., and Goel, N. (2019). Phenolic Acids: Natural Versatile Molecules with
Promising Therapeutic Applications. Biotechnol. Rep. 24, e00370. doi:10.1016/j.
btre.2019.e00370

Li, Y., Li, Z., Hou, H., Zhuang, Y., and Sun, L. (2018). Metal Chelating, Inhibitory
DNA Damage, and Anti-Inflammatory Activities of Phenolics from Rambutan
(Nephelium Lappaceum) Peel and the Quantifications of Geraniin and
Corilagin. Molecules 23 (9), 2263. doi:10.3390/molecules23092263

Marticorena, A. (2009). Catálogo de las plantas vasculares del cono sur (Argentina,
southern Brazil, Chile, Paraguay y Uruguay). Rev. Chil Hist. Nat. 82 (4),
589–590. doi:10.4067/s0716-078x2009000400012

Marticorena, C. (1990). Contribución a la estadística de la flora vascular de Chile.
Gayana Botánica 47 (3-4), 85–113.

Ministerio de Salud de Chile (2018). Plan Nacional de Cȥncer 2018-
2028.Santiago: Ministerio de Salud; 2018. Available at: https://cdn.digital.
gob.cl/filer_public/d3/0a/d30a1f5e-53d9-4a31-a4fee90d8d9a2348/
documento_plan_nacional_de_cancer.pdf Accessed May 5, 2019.

Montenegro, G., Gómez, M., Díaz-Forestier, J., and Pizarro, R. (2008). Aplicación
de la Norma Chilena Oficial de denominación de origen botánico de la miel
para la caracterización de la producción apícola. Cienc Investig. Agrar. 35,
181–190. doi:10.4067/S0718-16202008000200007

Nishikimi, M., and Yagi, K. (1991). Molecular Basis for the Deficiency in Humans
of Gulonolactone Oxidase, a Key Enzyme for Ascorbic Acid Biosynthesis. Am.
J. Clin. Nutr. 54 (6), 1203S–1208S. doi:10.1093/ajcn/54.6.1203s

Oh, W. Y., Ambigaipalan, P., and Shahidi, F. (2021). Quercetin and its Ester
Derivatives Inhibit Oxidation of Food, LDL andDNA. Food Chem. 364, 130394.
doi:10.1016/j.foodchem.2021.130394

Ou, B., Hampsch-Woodill, M., and Prior, R. L. (2001). Development and
Validation of an Improved Oxygen Radical Absorbance Capacity Assay
Using Fluorescein as the Fluorescent Probe. J. Agric. Food Chem. 49 (10),
4619–4626. doi:10.1021/jf010586o

Oyarzún, J. E., Andia, M. E., Uribe, S., Núñez Pizarro, P., Núñez, G., Montenegro,
G., et al. (2021). Honeybee Pollen Extracts Reduce Oxidative Stress and
Steatosis in Hepatic Cells. Molecules 26 (1), 6. doi:10.3390/molecules26010006

Prior, R. L. (2015). Oxygen Radical Absorbance Capacity (ORAC): New Horizons
in Relating Dietary Antioxidants/bioactives and Health Benefits. J. Funct. Foods
18, 797–810. doi:10.1016/j.jff.2014.12.018

Sampaio, G. R., Guizellini, G. M., da Silva, S. A., de Almeida, A. P., Pinaffi-Langley, A.
C. C., Rogero, M. M., et al. (2021). Polycyclic Aromatic Hydrocarbons in Foods:
Biological Effects, Legislation, Occurrence, Analytical Methods, and Strategies to
Reduce Their Formation. Int. J. Mol. Sci. 22 (11), 6010. doi:10.3390/ijms22116010

Sharma, K. D., and Nayyar, H. (2016). Regulatory Networks in Pollen Development
under Cold Stress. Front. Plant Sci. 7, 402. doi:10.3389/fpls.2016.00402

Soares, M. J., Sampaio, G. R., Guizellini, G. M., Figueira, M. S., Pinaffi, A. C. d. C.,
Soares Freitas, R. A. M., et al. (2021). Regular and Decaffeinated Espresso Coffee
Capsules: Unravelling the Bioaccessibility of Phenolic Compounds and Their
Antioxidant Properties in Milk Model System upon In Vitro Digestion. LWT
135, 110255. doi:10.1016/j.lwt.2020.110255

Tasahil, A., Joseph, H. B., Adriano Costa de, C., and Fereidoon, S. (2019). Wood
Extracts as Unique Sources of Soluble and Insoluble-Bound Phenolics:
Reducing Power, Metal Chelation and Inhibition of Oxidation of Human
LDL-Cholesterol and DNA Strand Scission. J. Food Bioact. 8, 92–98. doi:10.
31665/JFB.2019.8211

Torres, T., and Farah, A. (2017). Coffee, Maté, Açaí and Beans Are the Main
Contributors to the Antioxidant Capacity of Brazilian’s Diet. Eur. J. Nutr. 56
(4), 1523–1533. doi:10.1007/s00394-016-1198-9

Veblen, T. T., and Schlegel, F. M. (1982). Reseña Ecológica de los Bosques del Sur
de Chile. Bosque 4 (2), 73–115. doi:10.4206/bosque.1982.v4n2-03

Wojtunik-Kulesza, K., Oniszczuk, A., Oniszczuk, T., Combrzyński, M.,
Nowakowska, D., and Matwijczuk, A. (2020). Influence of In Vitro
Digestion on Composition, Bioaccessibility and Antioxidant Activity of
Food Polyphenols-A Non-Systematic Review. Nutrients 12 (5), 1401. doi:10.
3390/nu12051401

Ydjedd, S., Bouriche, S., López-Nicolás, R., Sánchez-Moya, T., Frontela-Saseta,
C., Ros-Berruezo, G., et al. (2017). Effect of In Vitro Gastrointestinal
Digestion on Encapsulated and Nonencapsulated Phenolic Compounds
of Carob (Ceratonia Siliqua L.) Pulp Extracts and Their Antioxidant
Capacity. J. Agric. Food Chem. 65 (4), 827–835. doi:10.1021/acs.jafc.
6b05103

Yeung, A.W. K., Choudhary, N., Tewari, D., El-Demerdash, A., Horbanczuk, O. K.,
Das, N., et al. (2021). Quercetin: Total-Scale Literature Landscape Analysis of a
Valuable Nutraceutical with Numerous Potential Applications in the
Promotion of Human and Animal Health–A Review. Anim. Sci. Pap. Rep.
39 (3), 199–212.

Yonekura, L., Martins, C. A., Sampaio, G. R., Monteiro, M. P., César, L. A., Mioto,
B. M., et al. (2016). Bioavailability of Catechins from Guaraná (Paullinia
Cupana) and its Effect on Antioxidant Enzymes and Other Oxidative Stress
Markers in Healthy Human Subjects. Food Funct. 7 (7), 2970–2978. doi:10.
1039/C6FO00513F

Yücel, B., Topal, E., and Kösoğlu, M. (2017). “Bee Products as Functional Food,” In
Superfood and Functional Food-An Overview of Their Processing and
Utilization. (London, UK: InTech), 15–33. doi:10.5772/65477

Zuluaga, C. M. D., Serrato, J. C. B., and Quicazán de, C. M. C. (2014). Valorization
Alternatives of Colombian Bee-Pollen for Its Use as Food Resource - A
Structured Review. Vitae 21, 237–247.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Bridi, Echeverría, Larena, Nuñez Pizarro, Atala, De Camargo,
Oh, Shahidi, Garcia, Ah-Hen and Montenegro. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 77521912

Bridi et al. Bioactivity of Chilean Honeybee Pollen Extracts

https://doi.org/10.1080/10715760000301341
https://doi.org/10.1080/10715760000301341
https://doi.org/10.1080/0028825x.1973.10430287
https://doi.org/10.1016/j.heliyon.2020.e05030
https://doi.org/10.1016/j.foodchem.2009.04.007
https://doi.org/10.3390/nu13061876
https://doi.org/10.1155/2015/297425
https://doi.org/10.1016/j.foodchem.2021.129310
https://doi.org/10.1016/j.btre.2019.e00370
https://doi.org/10.1016/j.btre.2019.e00370
https://doi.org/10.3390/molecules23092263
https://doi.org/10.4067/s0716-078x2009000400012
https://cdn.digital.gob.cl/filer_public/d3/0a/d30a1f5e-53d9-4a31-a4fee90d8d9a2348/documento_plan_nacional_de_cancer.pdf
https://cdn.digital.gob.cl/filer_public/d3/0a/d30a1f5e-53d9-4a31-a4fee90d8d9a2348/documento_plan_nacional_de_cancer.pdf
https://cdn.digital.gob.cl/filer_public/d3/0a/d30a1f5e-53d9-4a31-a4fee90d8d9a2348/documento_plan_nacional_de_cancer.pdf
https://doi.org/10.4067/S0718-16202008000200007
https://doi.org/10.1093/ajcn/54.6.1203s
https://doi.org/10.1016/j.foodchem.2021.130394
https://doi.org/10.1021/jf010586o
https://doi.org/10.3390/molecules26010006
https://doi.org/10.1016/j.jff.2014.12.018
https://doi.org/10.3390/ijms22116010
https://doi.org/10.3389/fpls.2016.00402
https://doi.org/10.1016/j.lwt.2020.110255
https://doi.org/10.31665/JFB.2019.8211
https://doi.org/10.31665/JFB.2019.8211
https://doi.org/10.1007/s00394-016-1198-9
https://doi.org/10.4206/bosque.1982.v4n2-03
https://doi.org/10.3390/nu12051401
https://doi.org/10.3390/nu12051401
https://doi.org/10.1021/acs.jafc.6b05103
https://doi.org/10.1021/acs.jafc.6b05103
https://doi.org/10.1039/C6FO00513F
https://doi.org/10.1039/C6FO00513F
https://doi.org/10.5772/65477
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Honeybee Pollen From Southern Chile: Phenolic Profile, Antioxidant Capacity, Bioaccessibility, and Inhibition of DNA Damage
	1 Introduction
	2 Materials and Methods
	2.1 Chemicals and Reagents
	2.2 Honeybee Pollen Samples (HBP)
	2.3 Honeybee Pollen Extracts and Phenolic Characterization
	2.4 HPLC-DAD Analysis
	2.5 Ferric Reducing Antioxidant Potential
	2.6 Oxygen Radical Absorbance Capacity
	2.7 In Vitro Gastrointestinal Digestion
	2.7.1 Preparation of Aqueous Honeybee Pollen Extract
	2.7.2 In Vitro Gastrointestinal Digestion Assay
	2.7.3 Inhibition of Peroxyl Radical Induced Supercoiled Plasmid DNA Strand Breakage

	2.8 Statistical Analysis

	3 Results and Discussion
	3.1 Botanical Origin
	3.2 Total Phenolic and Flavonoid Contents and Antioxidant Capacity
	3.3 Polyphenolic Profiles of HBPEs
	3.4 In Vitro Gastrointestinal Digestion Assay
	3.5 Inhibition of Peroxyl Radical Induced Supercoiled Plasmid DNA Strand Breakage

	4 Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


