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Abstract: The Calluna vulgaris honey produced in Portugal, concerning its phenolic compounds and
abscisic acids profiles, as well as its antioxidant activity and the protective effect against oxidative
damage in human erythrocytes were herein performed for the first time. The phenolic and abscisic
acid profiles were tentatively identified by LC-MS/MS (17 compounds). The total content of phenolics
and abscisic acids was 15,446.4 ug/g of honey extract, with catechin derivatives and abscisic acids
being major constituents. The highest scavenging capacity was found against reactive nitrogen
species. Additionally, the honey extract prevented ROO®-induced oxidative damage in erythrocytes
collected from human blood, by inhibiting hemolysis, lipid peroxidation and hemoglobin oxidation.
In conclusion, C. vulgaris honey contains high content of catechin derivatives and abscisic acids that
may be responsible for its biological activity, characterized by a strong antioxidant capacity, which
adds up to the nutritional value of this delicacy.
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1. Introduction

Heather is the common designation of honeys obtained from plants that belongs to
Ericaceae family. Calluna vulgaris L. Hull (known as common heather) is the only species
described for the genus Calluna in the Ericaceae family [1]. Honeybees essentially collecting
pollen from Calluna flowers to produce this honey, being relatively rare and very appre-
ciated in Portugal due to its sensorial properties and potential health benefits. Several
ethnobotanical uses of this plant have been reported, such as disinfectant, antiseptic, astrin-
gent, cholagogue, depurative, diuretic, diaphoretic, expectorant, sedative, antirheumatic,
vasoconstrictor and used for treatment of gout [2,3].

In the last years, several works have been dedicated to identifying floral markers in
heather honeys. Triterpenoids (free or aglycones of saponins) were described, with special
importance for the high concentrations of oleanolic and ursolic acids, associated with their
low toxicity and biological effects, such as antioxidant, anti-inflammatory and anticancer
activities, among others [4,5].

Furthermore, honeys from heather are characterized by high amounts of phenolic acid
derivatives and few contents of flavonoids [6]. Several phenolics were identified in heather
honey reported as potential botanical markers, such as the flavonoids myricetin, myricetin
3-methyl ether, myricetin 3'-methyl ether and tricetin [7]. The floral authentication is
achieved with the presence of higher levels of abscisic acid [8,9] and ellagic acid [9,10].
Phenylethyl caffeate, dimethyl allyl caffeate, (£)-abscisic, chlorogenic, syringic, p-coumaric,
vanillic, 3-hydroxybenzoic, 3,4-hydroxybenzoic, p-hydroxybenzoic, 2,4-dihydroxybenzoic,
caffeic, ferulic and rosmarinic and acids, quercetin, kaempferol, chrysin and galangin were
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reported in C. vulgaris honey from Spain and Poland [6,9]. In respect to volatile compounds,
heather honeys were previously described by a relative high content of phenolics, namely
guaiacol, p-cresol, propylanisole and p-anisaldehyde [11]. Additionally, isophorone and
2-methylbutyric acid were reported only in heather honeys [12], and phenylacetic acid was
identified only in honey from C. vulgaris [13].

Several reports regarding the Portuguese heather honeys from Erica are available in
the literature [6,14,15]. As far as we know, there are few reports about the phenolic profile,
antioxidant activity against reactive oxygen species (ROS) and reactive nitrogen species
(RNS), and no reports exist about the protection of erythrocytes relatively to oxidative
damage of the C. vulgaris honey produced in Portugal. So, the objetives of the present work
were to determine the phenolic composition of a Portuguese heather honey from C. vulgaris,
by high-performance liquid chromatography coupled to diode array and mass spectrometry
detectors (HPLC/DAD-MS/MS), to assess the antioxidant potential of honey extracts to
scavenging ROS and RNS, such as superoxide radical (O,°*"), hydrogen peroxide (H,O5),
hypochlorous acid (HOCI), singlet oxygen (10,), nitric oxide (*NO) and peroxynitrite
anion (ONOQO"). Furthermore, the capacity of the honey extract to inhibit peroxyl radical
(ROO*)-induced oxidative damage in human erythrocytes was also evaluated.

2. Materials and Methods
2.1. Standards and Reagents

All chemicals used were of analytical grade. 2-Amino-2-(hydroxymethyl)-1,3-propanediol
(TRIS) o, ’-azodiisobutyramidine dihydrochloride (AAPH), dimethyl sulfoxide (DMSO),
dihydrorhodamine 123 (DHR), 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB), 30% hydrogen
peroxide solution, fluorescein sodium salt, B-nicotinamide adenine dinucleotide phosphate
(B-NADPH), perchloric acid (HClIOy4), phosphate-buffered saline (PBS), potassium bicarbon-
ate (KHCO3), sodium hydroxide (NaOH), sodium hypochlorite solution with chlorine at
4%, tert-butyl hydroperoxide (tBHP), thiobarbituric acid (TBA), trichloroacetic acid (TCA),
trypan blue, 2-vinylpyridine, and the standards syringic acid, caffeic acid, p-coumaric
acid, catechin, chrysin, quercetin, (f)-abscisic acid and kaempferol were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Ultrapure water was obtained by a Milli-Q system
(Billerica, MA, USA). The samples and solvents were filtered through Millipore membranes
with a pore size of 0.22 and 0.45 um, respectively.

2.2. Honey Sample

The honey sample (1 kg) was collected in Castelo Branco (Portugal) during Novem-
ber, 2014 (after flowering of C. vulgaris). It was conserved in a place without light and
dry at 20 °C. The analysis were carried out in a time period less than 2 months after
your collection from the hives. The sample was characterized as a honey with pH = 5.3,
moisture = 24.2%, electrical conductivity = 663.1 ps - cm ™! and Brix = 75.8%. In respect to
the pollen spectrum, it was determined according to a previously described technique [16]-
The honey is composed by C. vulgaris (66.3%), Cytisus spp. (9.8%), Rubus spp. (5.1%),
Castanea sativa (3.7%), Cistus ladanifer (3.7%), Cistacea (3.1%), Lavandula spp. (1.8%), honey
elements (1.8%) and Anthemia arvenses (1.2%).

2.3. Preparation of Honey Extracts

The honey extract was prepared following a previously described procedure [17].
Sample aliquots (20 g) were dissolved in five parts of acid water (with the pH adjusted to
2 with HCl). Then, 100 mL of each extract were purified in a SPE column (Chomabond
C18 SPE column 70 mL /10,000 mg, Macherey® Nagel, Duren, Germany). The column was
previously conditioned with 30 mL of ethanol and then with 70 mL of acid water (pH = 2).
Then, the column was washed with 10 mL of acid water, the phenolics remained adsorbed
in the column, while sugars and other polar compounds were eluted with the aqueous
solvent. Then, the phenolic fraction was eluted with 50 mL of ethanol. The obtained honey
fraction was evaporated to dryness under low pressure (40 °C).
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2.4. HPLC-DAD-MS/MS" Analysis of Phenolic Compounds

The phenolic profile of the honey dried extract was analysed after solubilizing 1 mg of
extract in 1 mL of methanol /water (8:2, v/v) and filtered with 0.22 um membranes. The
extract was analysed in a LC (Thermo Fisher Scientific, San Jose, CA, USA) equipped with
a DAD detector, quaternary pumps and an auto-sampler cooled to 5 °C. The LC was also
connected in series to a LTQ Obritrap™ XL mass spectrometer (Thermo Fisher Scientific,
San Jose, CA, USA) with an electrospray ionisation source (ESI) (Bruker Daltonics, model
Esquire 4000, Bremen, Germany), and a hybrid system combining linear ion-trap and
Orbitrap mass analysers. The identification and quantification of phenolics was carried
out using a method previously described [18]. Briefly, the phenolic compounds were
separated using a C18 Synergi Hydro column (4 um, 250 x 4.6 mm, Phenomenex) heated
at 29 °C, with a mobile phase in a linear gradient of water/formic acid (99.5:0.5, v/v) and
acetonitrile/formic acid (99.5:0.5, v/v) using a flux of 0.9 mL/min. The mass spectra were
obtained with a scan range from m/z 100 to 1000. The MS parameters used were as follows:
ESI source in negative ion mode; capillary voltage at 2.5 kV and capillary temperature at
275 °C. The sheath gas and the auxiliary gas flow rate were set to 40 and 10, respectively.
The phenolic compounds were tentatively identified based on the elution order, peak
retention time, and UV-Vis and mass spectra features as compared to authentic standards
analysed under the same conditions and data available in the literature [18-20]. The levels
of phenolics were evaluated by HPLC-DAD (analytical curves with six-points ranging from
3.125 to 100 pg/mL, > 0.9955) of syringic acid, caffeic acid, p-coumaric acid, quercetin,
(&)-abscisic acid, catechin and chrysin. The results were expressed as pg/g of extract (dry
matter), considering three independent extraction procedures.

2.5. ROS- and RNS-Scavenging Assays

The scavenging assays of ROS and RNS were carried out in a microplate reader. The
honey extract was dissolved in Milli-Q water. Ascorbic acid was used as positive control for
0,*", H,0,, HOCI, 10, *NO, ONOO" scavenging assays. For each assay, four independent
experiments were performed, using six different concentrations. The results were expressed
as ICsg values (ng/mL) using GraphPad Prism 5.03 software (Graph Pad Software Inc.,
San Diego, CA, USA).

2.5.1. Oy* -Scavenging Assay

O,°" was generated by a non-enzymatic system NADH/PMS/O,. This radical pro-
duces a purple-coloured reduces by the reduction of the NBT into formazan [21], and the
0O,*" scavenging capacity was determined spectrophotometrically at 560 nm. The effects
are presented as percentage inhibition of NBT reduction into formazan.

2.5.2. HyOy-Scavenging Assay

The scavenging activity of the H,O, was determined as a methodology previously
described [22]. The effect of the honey extract on the HyO,-induced oxidation of lucigenin
was monitored. The luminescence increase resulting from HyO;-induced oxidation of
lucigenin. The results are presented as percentage inhibition of H,O,-induced oxidation of
lucigenin.

2.5.3. HOCl-Scavenging Assay

HOClI-scavenging activity was evaluated according to a previously described text [21].
The assay assessed the effect of the honey extract on HOCl-induced oxidation of DHR
to rhodamine 123. The concentration of HOCI was obtained in a spectrophotometer at
235 nm [21]. The results are expressed as percentage inhibition of HOCl-induced oxidation
of DHR.
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2.5.4. 10,-Scavenging Assay

10,-Scavenging capacity was measured by evaluating the effect of the honey extract
on the oxidation of the non-fluorescent DHR to the fluorescent rhodamine observed by the
reaction with 'O,, generated by thermal decomposition (37 °C) of a previously synthesised
water-soluble endoperoxide (disodium 3,30-(1,4-naphthalene) bispropionate, NDPO,) [23].
The results are expressed as percentage inhibition of !O-induced oxidation of DHR.

2.5.5. *NO-Scavenging Assay

The capacity to scavenge the *NO was evaluated by the monitorization of the effect
of honey extract on *NO-induced oxidation of DAF-2 (non-fluorescent) to rhodamine
triazolofluorescein (DAF-2T) (fluorescent) [23]. *NO was generated by decomposition of
NOC-5. The results are presented as the percentage inhibition of *NO-induced oxidation
of DAF-2.

2.5.6. ONOO-5cavenging Assay

ONOO -Scavenging capacity was determined by the monitorization of the effect of
the honey extract on ONOO -induced oxidation DHR (non-fluorescent) to rhodamine 123
(fluorescent) [23]. The results are presented as the percentage inhibition of ONOO"-induced
oxidation of DHR.

2.16. EIin Vitro Evaluation of the ROO®-Induced Oxidative Damage in Erythrocytes from Human
Bloo

Erytrocytes were isolated according to a described procedure [24], being the blood
collected from healthy. The honey extract was dissolved in PBS and six different concentra-
tions were evaluated. Each result used for calculations corresponds to four experiments
(n = 4), performed in duplicate in each microplate. The results of ICsy were calculated from
the curves as the percentage of inhibition of hemoglobin oxidation, lipid peroxidation and
hemolysis versus concentration of the honey, using the GraphPad Prism Software.

2.6.1. Inhibition of ROO®-Induced Hemoglobin Oxidation

The measurement of inhibition ROO®-induced hemoglobin (Hb) oxidation was per-
formed by the monitorization of the effects of the honey extract against the formation of
methemoglobin (metHb) after the reaction of oxyhemoglobin (HbO,) with ROO® generated
by AAPH [24]. The honey extract was dissolved in PBS (final concentrations ranging from
200 to 0.78 nug/mL), then was mixed with the suspension of erythrocytes from human
blood, and was incubated in a water bath at 37 °C during a time period of 30 min, under
slow agitation (=50 rpm). Then, AAPH (50 mM) was added to the media and incubated
under slow agitation, during a period time of 4 h at 37 °C. The total volume resulting from
the reaction mixture was centrifuged at 1500x g during 5 min at 4 °C. The vis-spectra of the
supernatant were determined and the absorbance was evaluated at 630 nm. The spectra
were measured and the oxidation products were predominantly metHb (absorption band
= 630 nm). The results were expressed as ICsq values (ug/mL).

2.6.2. Inhibition of Hemolysis

The prevention of ROO®-induced hemolysis of human erythrocytes was determinated
by the monitorization of the release of hemoglobin after membrane disruption provoked
by the hemolytic [18]. A total of six different concentrations of the honey extract, dissolved
in PBS (0.78 -200nug/mL), and the suspension of human erythrocytes, were incubated at
37 °C in a water bath, for 30 min, with slow agitation (=50 rpm). Then, the AAPH solution
was added and incubated for more 3 h as described above. Then, the total volume of the
reaction mixture was inserted to 1.5 mL-conic microtubes and subjected to centrifugation
at 1500 g for 5 min at 4 °C. A total of 300 uL of the supernatant were inserted in a 96-well
plate and the absorbance was measured at 540 nm. The results are presented as ICsy values

(ng/mL).
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2.6.3. Inhibition of Lipid Peroxidation

The determination of the lipid peroxidation in human erythrocytes was measured by
the formation of thiobarbituric acid-reactive substances (TBARS), according a previously
procedure [18]. A total of six different concentrations of honey extract were prepared with
PBS (0-78-200 pg/mL, final concentration). The extract was added to the suspension of
erythrocytes at 37 °C, during a period time of 30 min, with slow agitation (=50 rpm). After
incubation, tBHP at 0.2 mM was added to the media, which was then further incubated
at 37 °C during 30 min. After incubation, the total volume was collected and inserted to
1.5 mL-connic eppendorfs. Then, trichloroacetic acid 28% (w/v) was added to precipitate
the proteins. Then, the mixture was centrifugated (16,000 g for 10 min at 18 °C). Then, the
supernatant was inserted in a 2 mL-conical test tube, followed by the addition of TBA 1%
(w/v). Next, the solution was heated during a period time of 15 min at 100 °C in a water
bath. After this, the test tubes were cooled at room temperature and the absorbance was
determined at 532 nm. The final results were expressed as ICsg value (ug/mL).

3. Results and Discussion
3.1. Phenolic Compounds and Abscisic Acids

The phenolics and abscisic acids of C. vulgaris honey extract produced in Portugal
were herein determined for the first time by HPLC-DAD/ESI-Ms™ analysis (Table 1). The
UV-Vis and mass spectra obtained for the honey sample allowed the assignment and
quantification of 17 compounds, which can be grouped into four groups: hydroxybenzoic
acids (peaks 1 and 2), hydroxycinnamic acids (peaks 3 to 7), abscisic acids (peaks 10 to 12)
and flavonoids (peaks 8, 9, 13 to 17). The total sum of the phenolic compounds and abscisic
acids contents was 15,446.4 ug/g of honey extract (Table 1 and Figure 1).

Table 1. Phenolic compounds of Calluna vulgaris honey extract obtained from Castelo Branco, as tentatively identified by its

chromatographic UV-Vis spectra and mass spectroscopy characteristics (HPLC-DAD-ESI-MS™).

HPLC-DAD-ESI-MS" Characteristics

Peaks Compounds Concentraation
(ug/g) tr P Amax [M-HI~ (n/z) Fragments (m/z) ©
Benzoic acid MS2 [175]: 157, 147, 131, 115, 97, 89.
1 derivative 1 62+5 91 295 1759583 MS3 [175—+131]: 119, 103, 87.
Benzoic acid MS2 [326]: 308, 278, 235, 164.
2 derivative 2 170 £1 115 284 3261218 MS3 [326—235]: 164.
Hydroxycinnamic MS?2 [465]: 447, 419, 303.
3 acid derivative 1 1442 137 300(sh), 325 465.1665 MS3 [465—419]: 391, 359, 257, 221, 179, 161
Hydroxycinnamic MS2 [327]:309, 165, 147
4 acid derivative 2 17+£3 200 309, 342(sh) 3271117 MS3 [327—+147]: 147.
L MS2 [179]: 161, 151, 135.
5 Caffeic acid 1342 20.3 290, 320 179.0371 MS3 [179-5138]: 135, 107, 91,
p-Coumaric acid MS2 [379]: 333,291, 179.
6 derivative <LOQ 253 280(sh), 307 379.2022 MS3 [379—333]: 315, 241, 161, 143, 101.
o MS2[163]: 145
7 p-Coumaric acid <LOQ 25.56 299, 309 163.04 MS3[163-+145]: 119, 103
Unknown flavonoid 254, 270(sh), MS2 [267]: 249, 221, 199
8 derivative 1 7L+ 19 271 310 267.1267 MS3 [267—221]: 206, 179, 160.
Quercetin acetyl MS2: nd
9 heoside 632 + 28 294 255,350,386 505.1408 MS3: nd
Abscisic acid MS2 [249]: 231, 205, 153.
10 derivative 1015 4 28 306 280(sh) 249.9634 MS3 [249—+205]: 181, 155.
. MS2 [263]: 245, 219, 201, 153.
“ tran-trans-Abscisc 942 + 3 3038 270 263.1318 MS3 [263—219]: 201, 186, 163.
265.1434 MS2 [265]: 247, 229, 208, 205, 181, 151.
: MS3 [265—208]: 191, 163, 149, 119, 93.
12 cis-trans-Abscisic acid 1011 £ 36 34.8 270 263.1318 MS2 [263]: 245, 219, 201, 153.

MS3 [263—153]: 138.
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Table 1. Cont.

HPLC-DAD-ESI-MS" Characteristics

Peaks Compounds Concentraation
(ug/g) tg P Amax [M-H]~ (m/z) Fragments (m/z)
Kaempferol-3-O- 267, 290(sh), MS2 [593]: 447, 285, 257, 229.
13 rutinoside 79£6 378 315, 365 593.1370 MS3 [593—285]: 257, 241, 213, 151.
. . MS2 [271]: 253, 225, 197.
14 Pinobanksin 1.5+0.1 42.2 270, 290, 325 271.0642 MS3 [271-+253]: 225, 207, 197.
Unknown flavonoid MS2 [329]: 311, 293, 229, 211, 171.
15 derivative 2 10,370 + 422 425 281 329.2370 MS3 [329—229]: 211, 165.
MS2 [253]: 235, 225,209, 181, 165, 151, 143.
Chrysin + 253.0536 MS3 [253—209]: 181, 165, 153, 139, 121
16 pinocembrin? 23849 532 270,283, 325 255.0690 MS2 [255]: 213,187, 169, 151, 145, 107.
MS3 [255—213]: 195, 185, 169, 145.
. MS2 [269]: 241, 197
17 Galangin 171 £ 6 53.77 225,245,276 269.05 MS3 [269—3241]: 197, 169, 141
Total sum of
identified phenolic 15,446.5
compounds

@ Mean =+ standard deviation (n = 3, dry basis). b Retention time on the C;g Synergi Hydro (4 um) column. € In the MS? and MS?, the most
abundant ion is shown in boldface. sh = shoulder. < LOQ = lower than the limit of quantification (2.97 ug/mL); nd = not detected.
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Figure 1. Chromatogram of phenolic compounds from Calluna vulgaris honey extract obtained by HPLC-DAD. Peak

characterization is given in Table 1. Detection at (A) 280 nm, (B) 320 nm and (C) 350 nm.

The hydroxybenzoic acids corresponded to ca. 1.78% of the total phenolic compounds
content, the benzoic acid derivative (peak 2) being the major one. Hydroxycinnamic
acids represented 0.28% of the phenolic compounds quantified in the honey extract, with
the hydroxycinnamic acid derivative (peak 4) found in higher amounts than the other
compounds from the same class. Regarding the flavonoids, they corresponded to ca. 67%
and a catechin derivative (peak 15) was the most abundant flavonoid (Table 1).

Phenolics occur in nature as sugar conjugates, mainly in the form of O-glycosides,
however, in this work, the identification of sugar moiety could not be performed by
the applied technique. A total of seven compounds were identified based on compar-
isons with UV-Vis and MS spectrum characteristics of authentic standards and by co-
chromatography: caffeic acid (5), p-coumaric acid (7), (£)-abscisic acid (11), pinobanksin
(14), chrysin+pinocembrin (16) and galangin (17). All these compounds were previously
reported in heather honey from Erica and C. vulgaris [6—10], except for kaempferol-3-O-
rutinoside, which was reported in several other honeys.
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Peaks 1 and 2 were tentatively identified as hydroxybenzoic acid derivatives accord-
ing to your UV spectra, revealing a maximum wavelength between 284 and 295 nm; and
deprotonated molecule ([M-H]-) at m/z 176 and at m/z 326, respectively (Table 1). Hy-
droxybenzoic acids usually exhibit a neutral loss of 44 u as the main fragments in MS/MS
experiments, which represents a loss from the carboxylic acid moiety of a CO, group [19].

Five hydroxycinnamic acids and derivatives were identified: hydroxycinnamic acid
derivative 1, hydroxycinnamic acid derivative 2, caffeic acid, p-coumaric acid derivative
and p-coumaric acid (peaks 3-7) (Table 1). The peaks 3 and 4 were tentatively identified
according to their characteristic UV spectra, showing a maximum wavelength around 325
and 309, and [M-H]- at m/z 465 and 327, respectively. Caffeic (5) and p-coumaric (7) acids
produced [M-H]- at m/z 179 and at m/z 163, respectively, and the MS? spectra showed
fragment ions at m/z 135 and at m/z 119, respectively, due to loss of CO, group from the
carboxylic acid moiety ([M-H-44]-) [19]. The compound 6 was tentatively identified as
p-coumaric acid derivative according to their characteristic UV and MS spectra, which
showed a maximum wavelength at 307 nm, [M-H]- at m/z 379 with fragments at m/z 333
in the MS2 spectra probably due to the neutral loss of H,O (-18 u) and a CO (-28 u) moieties
([IM-H-CO-H,0]-) (Table 1).

The compound 10 was tentatively identified as abscisic acid derivative and revealed
[M-H]- m/z 250, the maximum wavelength being observed at 280 nm. The peaks 11 (cis-
trans-abscisic acid) and 12 (trans-trans-abscisic acid) showed the same UV-Vis spectrum
with a maximum wavelength obtained at 270 nm. The analysis by HPLC-DAD-ESI/MS
gave the same m/z 263 for each peak. The confirmation was obtained with the injection of
pure standard of cis-trans-abscisic acid. According to Tuberoso et al. [20], both the isomers
should be also differentiated by their mass fragmentation, since only cis-trans-abscisic acid
are supposed to form the fragment at m/z 153.

Heather honeys from Erica and C. vulgaris are characterized by high amounts of
abscisic acid, and this compound was reported to be used for floral authentication [6,8,9].
Abscisic acid isomers were also reported in strawberry tree honey, but they are normally
found in honeys in levels <100 pg/g [20]. Abscisic acids are norisoprenoids, being products
of cyclohexene formed by the degradation of the carotenoid. The abscisic acids act as a
hormone in plants, principally in higher plants, inhibiting the growth, promoting seed
dormancy and their germination. Additionally, these compounds can help plants better
tolerate the conditions of stressful and controlling stomal closure [8,9]. Additionally,
abscisic acid is naturally found in fruits and vegetables, and it plays an important role in
managing glucose homeostasis in humans [25].

Previous studies reported the presence of quercetin, kaempferol, chrysin and galangin
in C. vulgaris honeys [6,9]. In the sample studied in this work, a total of seven flavonoids
were tentatively identified and quantified (Figure 1 and Table 1).

In particular, it was possible to identify the propolis-derived flavonoids in their
aglycones forms: pinobanksin, chrysin+pinocembrin and galangin, which were found
in very small amounts (Table 1). The presence of such compounds indicates that during
elaboration/ripening process, these compounds migrate from beeswax toward honey [26].
Another possibility consists in the incorporation of these phenolics from propolis into
honey by bee secretions [27]. The HPLC-DAD-ESI-MS/MS" evaluation of the standards of
pinobanksin (m/z 271), chrysin (m/z 253), pinocembrin (m/z 255) and galangin (1m/z 269)
presented the same fragmentation patterns at peaks 14, 16 and 17, respectively, and these
behaviors can be also found in the literature [28].

The compound 8 was identified as an unknown flavonoid and revealed [M-H]- at m/z
267, the maximum wavelength being observed at 270 nm, and possess 249 (loss of H,O),
221 (loss of a CO group), 206 (loss of CH3) and 179 (loss of an acetyl group) as the main
fragments. The compound 9 was assigned as quercetin acetyl hexoside (m/z 505), and
showed the maximum wavelength at 350 nm [26,28]. Peak 13 was tentatively identified
as kaempferol-3-O-rutinoside, which the major fragments obtained for kaempferol-3-O-
rutinoside (m/z 593) were 447 (loss of rhamnose), 285 (loss of rutinose), 257 (loss of a CO
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group from m/z 285) and 229 (CO group loss from m/z 257). Finally, peak 15 was assigned
as an unknown flavonoid derivative 2 (m/z 329), and possessed 311 (loss of OH group),
293 (loss of two OH groups), 229, 211 and 171 as the major fragments with a maximum
wavelength at 281 nm.

3.2. Scavenging of ROS and RNS by Calluna vulgaris Honey

Some compounds originating from plants are known to exhibit antioxidant capacity.
The most effective are plant phenolics, namely phenolic acids, flavonoids and tannins [29].
Honey have been described to possess several phenolic compounds associated with health
benefits due to their antioxidant potential [17,26,27,30-32].

The antioxidant activity of the heather honey extract from C. vulgaris was tested
for the first time in this work against O,*", HOCI, H,O,, 10,, *NO and ONOO" and a
concentration-dependent effect was observed in all assays (Figure 2) at low pg/mL range,
except for 10, and H,O, (Table 2).
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Figure 2. Scavenging capacity of Calluna vulgaris honey extract against (A) singlet oxygen (10,), (B) hypochlorous acid
(HOCI), (C) hydrogen peroxide (H,O,), (D) superoxide radical (O,°*"), (E) nitric oxide (*NO) and (F,G) peroxynitrite
(ONOQO) in the absence and presence of 2NaHCOj3.

Regarding O,*", this radical reveals an important role relatively to the formation
of other reactive species, such as 10,, HO® and H,0, [30]. Despite the low reactivity
of O,*, it can react with *NO to form ONOO", another reactive species with very high
reactivity that contributes to oxidative stress [31]. The results obtained with C. vulgaris
honey extract against O, revealed a scavenging activity with an IC5y = 394 4+ 3ug/mL,
being more active than ascorbic acid (ICsp = 1200 ng/mL) and less active than trolox
(ICs50 = 20 ng/mL) [33]. Previous studies proved that the Manuka honey showed strong
scavenging capacity against O,*, the authors suggest that this activity could be attributed
to the presence of methyl syringate [34]. Moreover, Kiiciik et al. [33] reported the same effect
with aqueous extracts of chestnut (ICs9 = 5.2 mg/mL), Rhododendron (IC5p = 7.6 mg/mL)
and heterofloral (ICsp = 7.2 mg/mL) honeys, and the differences observed between honey
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samples were justified by the position and type of the substituents of phenolic compounds,
such as flavonoids and anthocyanidins.

Table 2. Scavenging activities of Calluna vulgaris honey extract against singlet oxygen (10,),
hypochlorous acid (HOCI), hydrogen peroxide (H,0O,), superoxide radical (O,*"), nitric oxide (*NO)
and peroxynitrite (ONOO").

IC50 (ug/mL)

Ascorbic Acid (Positive

Reactive Species

Honey Extract

Control)

ROS

10, 48 £ 1% at 250 pg/mL 1.1+£0.1

HOCI 95+ 2 0.05 £+ 0.03

H,0, 23 + 2% at 500 pg/mL 188 +£2

(0)% 394+ 3 NA
RNS

*NO 181 +2 0.28 +0.02

ONOO” 29 +2 1.7 £0.1

ONOO" * 3241 21+04

ICs5p = inhibitory concentration, in vitro, to decrease in 50% the amount of reactive species in the tested media
(mean =+ standard error of the mean). NA = no activity was found up to the highest tested concentration
(1 mg/mL). * In the presence of 25 mM NaHCOj to simulate physiological conditions.

The H,O, has the capacity to decompose rapidly into oxygen and water, and being
able to produce hydroxyl radicals (HO®). These can start the peroxidation of the lipids
and produces DNA damage. Furthermore, the HyO; should be produced by the action of
various oxidase enzymes, namely xanthine oxidase and monoamine oxidase. The honey
extract seems to present low scavenging capacity against H,O,, since it inhibits 23.25%
with 500 ug/mL of honey extract, being their activity lower than ascorbic acid (188 pug/mL)
(Figure 2C, Table 2), quercetin (ICsy = 526.4 ug/mL), gallic acid (ICsg = 214.8 pg/mL).

In biological systems, HOCl is formed by the enzyme myeloperoxidase in activated
neutrophils. When HOCl is in the presence of H,O; it oxidizes chlorine ions. The honey
extract revealed high antioxidant capacity against HOCI with an ICsg = 95.0 £1.64 pug/mL
(Figure 2B, Table 2). The activity of honey samples against HOCl was previously reported
in Ginger, Eucaliptus, Lithci and Longan honeys (ICsq = 36.4; 24.0, 26.5 and 21.7 mg/mL
expressed as honey sample, respectively) [35]. Additionally, its activity is lower than the
control ascorbic acid (IC5p = 0.054 ug/mL) (Table 2).

Unlike other oxidants, 1O, is a non-radical and is the excited state from molecular
oxygen, with higher energy than the previous. In biological systems, 1O, is a main agent
produced by several different cell types by a range of peroxidase enzymes and during
lipoxygenase-catalyzed reactions, especially by neutrophil granulocytes [21,31]. In our
study, the C. vulgaris honey extract inhibited the oxidizing effect of 1O, by 47.8% at an
extract concentration of 250 ug/mL (Figure 2A, Table 2), 1O, has been described as being
involved in the oxidation of the cholesterol, and it is believed to have a major role in
many photooxidation processes (being important in photodynamic therapy, and may react
rapidly with electron-rich substances, namely phenols, unsaturated hydrocarbons, amines
or sulfides, commonly located in membrane lipids, as well as with DNA and proteins [31]).

In biological tissues, *NO is formed from the oxidation of L-arginine to citrulline
through nitric oxide synthase. It is a very important bio-regulatory molecule, being
associated with several physiological effects even when present in low concentrations, such
as platelet function, control of blood pressure, neural signal transduction, antimicrobial
and anticancer activity [32]. Throughout the infection and inflammation processes, high
concentrations of *NO may be formed, leading to several undesirable effects, such as
reduction and deleterious effects on cell viability [32]. The C. vulgaris honey extract
showed interesting scavenging activity against *NO with an IC5y = 180.8 £ 2.53 ug/mL,
being less effective than ascorbic acid (ICsy = 0.28 & 0.02 ng/mL) (Table 2). Our results
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are in agreement with those obtained by Kassim et al. [36], that reported the inhibitory
effects of Gelam honey and its extracts against *NO and PGE in rat paws, that were
induced with carrageenan in the non-immune inflammatory and nociceptive model, and
lipopolysaccharide (LPS) in the immune inflammatory model. In another work performed
with honey from Mauritius (Ginger, Eucalyptus, Litchi and Longan) were reported ICs
values that ranging between 2.8 to 47.3 mg/mL expressed as honey sample [35].

Recently, some reports indicates that great part of the cytotoxicity attributed to *NO
is due to ONOO™. ONOQO' interacts with proteins, lipids and DNA leading to oxidative
injury, inducing cells to necrosis or apoptosis [37]. The C. vulgaris honey extract revealed
a high scavenging capacity against ONOO"™ with an ICsy = 29.2 +2.10 ug/mL and 32.3
£0.86 ug/mL in absence and in the presence of NaHCOj3, respectively, however, was less
active than ascorbic acid positive control (ICs9 = 1.7 £0.1 ug/mL and 2.1 £0.4 pg/mL
in absence and in the presence of NaHCO3, respectively) (Figure 2F, G, Table 2). These
results were expected, since the capacity of Gelam honey to scavenge peroxynitrite in
RAW 264.7 cells induced with LPS/IFN-v in vitro was reported in a previous study [36].
Furthermore, Kiiciik et al. [33] also reported the scavenging capacity of aqueous extract
from Chestnut (ICs = 28.2 mg/mL), Rhododendron (ICsy = 282.6 mg/mL) and heterofloral
(IC50 =20.5 mg/mL) honeys against ONOO". Many phenolic compounds, such as caffeic
acid, kaempferol, ferulic acid, p-coumaric, quercetin and flavan-3-ols have been shown to
inhibit ONOO™. Monohydroxylated phenolics, such as p-coumaric acid, act as ONOO" scav-
engers by nitration. Furthermore, compounds with a catechol moiety, such as caffeic acid,
reduce ONOO" by electron donation [38]. Interestingly, all of the above-mentioned phenolic
compounds were also identified in C. vulgaris honey (Table 1); thus, the mechanisms for
the scavenging capacity of the honey extract include those referred above.

The major phenolic compounds in C. vulgaris honey extract were benzoic acid deriva-
tive 2, chrysin derivative, quercetin acetyl hexoside, abscisic acids, catechin derivative,
chrysin+pinocembrin and galangin (Table 1). It is well known that the radical scaveng-
ing capacity correlates positively with the total phenolic content [29]. Therefore, these
results demonstrated the antioxidant potential of honey, a readily available natural product,
against oxidative damage induced by ROS/RNS, such as inflammatory-based diseases.
Honey may contain many other flavonoids, such as chrysin, galangin, kaempferol, pinocem-
brin and quercetin; phenolic acids, namely caffeic, p-coumaric, ellagic, and ferulic acids;
other bioactive compounds, such as ascorbic acid, catalase, tocopherols, superoxide dismu-
tase, reduced glutathione, Maillard reaction products and peptides, where most of them
have a joint synergistic antioxidant effect [29,30].

3.3. Protective Effect against ROO®-Induced Oxidative Damage in Human Erythrocytes

Few studies were reported concerning the scavenging capacity of honey extracts
against the oxidative damage in erythrocytes from human blood [39,40]. Hemolysis and
lipid peroxidation could be inhibited by C. vulgaris honey extract in a concentration-
dependent manner (Figure 3). In this work, as far as we know, this is the first report about
the preventive effect of C. vulgaris honey extract against ROO®-induced oxidative damage
in erythrocytes from human blood.
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Figure 3. Inhibition of (A) hemoglobin oxidation, (B) lipid peroxidation and (C) hemolysis of the
erythrocytes by Calluna vulgaris honey extract.

3.3.1. Inhibition of Hemoglobin Oxidation in Human Erythrocytes

C. vulgaris honey extract prevented the oxidation of hemoglobin, in a concentration-
dependent manner (Figure 3A), with an ICsy = 158.52 + 2.31 pg/mL (Table 3). The extract
was 50 times less active than quercetin (ICsp = 3.1 ug/mL) [24], evaluated at the same
experimental conditions. Quercetin is a very hydrophobic molecule reported to possesses
an important anti-hemolytic capacity [41], which is selectively partitioned into hydrophobic
regions or modified lipid—protein components of the erythrocyte’s membrane [38].
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Table 3. Inhibition of hemoglobin oxidation, hemolysis and lipid peroxidation (TBARS formation) by
Calluna vulgaris honey extract.

Erythrocytes Assay ICsp (ug/mL) 2
Inhibition of hemoglobin oxidation 158 £2
Inhibition of lipid peroxidation 361
Inhibition of hemolysis 19+1

2 Values are expressed as mean =+ standard deviation of four assays.

One study reported the scavenging capacity of honey extracts (aqueous and ether
fractions of multifloral honey from Italy) against oxidative damage in human erythrocytes,
including hemoglobin oxidation, but HyO, was ROS evaluated [40]. The results obtained by
these authors proved that both extract fractions protect erythrocytes against lysis induced
by peroxyl radicals generated by AAPH (a synthetic free radical generator) that may
knock the membrane of the erythrocytes from the outside, the extent of hemolysis being
proportional to their amount. Additionally, only the ether fraction proved to be active to
inhibit the hemolysis, but not the formation of ferrylhemoglobin and methemoglobin from
H,0; [40].

3.3.2. Inhibition of Lipid Peroxidation in Human Erythrocytes

The C. vulgaris honey extract was efficient in inhibiting lipid peroxidation in a concent-
ration-dependent manner with an ICs of 35.59 & 1.03 ug/mL (Figure 3B and Table 3). As
far as we know, this is the first report about the protective effect of C. vulgaris honey extract
against oxidative damage in human erythrocytes induced by lipid peroxidation.

In a previous study performed with multifloral honey from Italy, the authors reported
that the ether fraction of honey prevented the lipid peroxidation induced by tBHP in entire
erythrocytes and in isolated membranes [40]. This extract prevented the production of
malondialdehyde. The protective action depends on the interaction between the bioactive
compounds with erythrocytes cell membrane, which is probably due to the binding of
the flavonoids with membrane. This action may explain the activity observed for lipid
peroxidation by methanolic extract of C. vulgaris honey.

Another study performed with two monofloral honeys from Cuba (Christmas vine
and Liven vine) showed that both honey extracts lead to a significant reduction in TBARS
values in rat liver homogenates by 79% and 62% for Liven vine and Christmas vine,
respectively [39].

Several studies reported the protective effect of several phenolic-rich extracts against
the damage of lipids membrane caused by free radicals [42]. One of the positive effects
associated to flavonoids are their potential to stabilize cell membranes by scavenging free
radicals and by reducing lipid peroxidation [39,40,42,43]. Additionally, flavonoids could
lie in their localization in the domains of the lipoproteins and cell membranes, serving as
target for lipid peroxidation, explaining a protective effect between flavonoids and lipid
bilayers [42].

3.3.3. Inhibition of Hemolysis in Human Erythrocytes

C. vulgaris honey extract inhibited hemolysis in a concentration-dependent manner
and showed an ICsp =19 £ 1. ug/mL (Figure 3C and Table 3), but not as active as quercetin
(IC50 = 0.7 ng/mL) [26]. The decrease in the hemolysis effect suggests that the phenolic
compounds (exogenous antioxidant) from C. vulgaris honey may efficiently scavenge
reactive species to protect the cell against the ROO®-induced hemolysis. This result and
behavior are in accordance with previous ones for Linen vine extracts (Gouania polygama
(Jack) Urb (ICso = 24.68 £ 6.73 pg/mL) and Christmas vine (Turbina corymbosa (L.) Raf (ICsq
= 62.56 + 12.07 pg/mL) monofloral honeys from Cuba [39].

Several works reported the potential protective effects of phenolics against oxidative
damage in human erythrocytes [39-41,43]. The phenolic compounds identified in C.
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vulgaris honey are known to enhanced erythrocytes resistance to oxidative stress, such as
hydroxycinnamic acids [44], quercetin [41,42], catechins [45], among others.

4. Conclusions

Our results showed that C. vulgaris honey extract is composed by high levels of
phenolics, namely hydroxybenzoic, hydroxycinnamic, abscisic acids and flavonoids. The
extract was able to scavenge ROS and RNS, as well as to protect human erythrocytes against
hemoglobin oxidation, lipid peroxidation and hemolysis. Summarizing, the obtained
results demonstrated that C. vulgaris honey contains high contents of phenolic compounds
that may be responsible for its biological activity, characterized by a strong antioxidant
capacity, which adds up to the nutritional value of this delicacy.
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