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Evaluation of the antioxidant potency of Greek honey
from the Taygetos and Pindos mountains using a
combination of cellular and molecular methods

ANASTASIA PATOUNA', PERIKLIS VARDAKAS', ZOI SKAPERDA!,
DEMETRIOS A. SPANDIDOS? and DEMETRIOS KOURETAS'

1Department of Biochemistry and Biotechnology, School of Health Sciences, University of Thessaly, 41500 Larissa;

2Laboratory of Clinical Virology, Medical School, University of Crete, 71003 Heraklion, Greece

Received November 17,2022; Accepted January 5, 2023

DOI: 10.3892/mmr.2023.12941

Abstract. Honey is a complex mixture, containing ~180
compounds, produced by the Apis melifera bees, with promising
antimicrobial and antioxidant properties. Nevertheless, the
mechanisms through which honey exerts its effects remain
under investigation. Plant antioxidants are found in honey and
other bee products exhibiting a high bioactivity and molecular
diversity. The aim of the present study was to estimate the anti-
oxidant capacity of honey collected from areas in Greece by
small-scale producers by 1) using in vitro cell free assays; and
ii) by investigating the effects of honey varieties on the redox
status of a liver cancer cell line (HepG2) using non-cytotoxic
concentrations. The findings of the present study will allow for
the identification of Greek honeys with promising antioxidant
capacity. For this purpose, six types of honey with various
floral origins were examined in cell-free assays followed by
cell-based techniques using flow cytometric analysis and
redox biomarker level determination in order to evaluate
the potential alterations in the intracellular redox system.
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The results indicated various mechanisms of action that are
dependent on the honey type, concentration dependency and
high antioxidant capacity. The extended findings from the
literature confirm the ability of raw honey to influence the
redox status of HepG2 cells. Nevertheless additional investiga-
tions are required to elucidate their mechanisms of action in
cell line models.

Introduction

Honey and other bee products contain plant antioxidants that
have high bioactivity levels and chemical diversity (1). For
instance, various compounds are transported from plants and
accumulate in the finished product as nectar or plant secretions
and are used to manufacture honey by bees (2). As a result,
the composition of honey, including its physical, chemical,
organoleptic and nutraceutical features, is directly influenced
by the geographic, climatic and environmental characteris-
tics of the areas from which it is produced. These variances
function effectively as a classification and identification tool
for honey (3).

The western honeybee, Apis melifera, produces a natural
product produced by flower and plant nectar or insect
exudates, known as honey (4). The beneficial properties of
honey have been known for millennia. To be more specific,
the Babylonians, Mayans, Greeks, Romans, Egyptians and
Chinese used honey both for nutritional aims and for their
therapeutic properties (5). Of note, honey was a major carbo-
hydrate source and the only available sweetener until the
industrial production of sugar, which commenced after 1800.
Honey is also used in alternative medicine as ointment to heal
burns, infections and wounds (6).

Honey is a complex mixture, which consists of a
variety of ~180 compounds, such as carbohydrates, mainly
including glucose and fructose (60-85%), water and minority
compounds, such us phenolic compounds, minerals, proteins,
enzymes, free amino acids and vitamins (7). The scientific
literature indicates that honey can exert several beneficial
effects on health, including antioxidant (8,9), anti-inflam-
matory (10), antibacterial (11) and antidiabetic (12) effects,
as well as protective effects on the gastrointestinal (13) and
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nervous systems (14). The health benefits of honey may be
attributed to pharmacologically-related components, such
as flavonoids and phenolics, with the most abundant of
these being chrysin, kaempferol, quercetin, luteolin, gallic
acid, etc. (15-18).

Some of the minor constituents of honey, compared to its
major sugar levels, are considered to have antioxidant prop-
erties (19). The majority of the antioxidant activity of honey
is determined by its chemical compounds, which includes
phenolics, flavonoids, enzymes, organic acids, amino acids,
ascorbic acid and carotenoids (20). Chemicals known as
phytochemicals are naturally found in plants (21). Bees can
feed on phytochemical-rich plants, which allows them to
transfer the beneficial components to honey (22). The concen-
tration of the carbohydrates and other minor chemicals varies
greatly, depending on their botanical source, processing tech-
niques, seasonal and environmental circumstances and other
variables (23). Some components of honey are contributed by
honeybees, while others are a result of biological reactions that
occur as the honey matures (24).

Honey may emanate both from single (unifloral honey)
or multiple (multifloral honey) plant species depending on
the diet of bees (25). In order to define the pollen inside the
honey sample and therefore its type, melissopalynological
analysis has been proven to be a reliable method (26). Current
research has led to the acknowledgement of the fact that honey
possesses a promising antioxidant capacity, although its anti-
oxidant mechanisms are not yet fully understood (5).

According to previous research, honey may represent an
anticancer agent (27). Specifically, honey inhibits a number
of cell signaling pathways, including those that induce apop-
tosis, as well as pathways associated with anti-mutagenic,
anti-proliferative and anti-inflammatory effects (5,15). Due
to its capacity to reduce acute inflammation by increasing
the immune response, honey and its components are gaining
interest as an efficient natural therapeutic (28). Previous studies
have provided evidence that honey inhibits the proliferation,
induces the apoptosis, modifies the cell cycle progression, and
causes the mitochondrial membrane depolarization of adeno-
carcinoma epithelial cells, liver cancer cells, bone cancer cells
(osteosarcoma) and leukemia cells (5,29-31). However, in order
to better understand the protective effects of honey on cancer,
further research is required.

There are a few studies investigating the antitumor effects
of honey on liver cancer cells, demonstrating that honey is
able to reduce the levels of nitric oxide (NO) in the cells and
decrease the HepG2 population as well, improving the total
antioxidant profile of the cells (15,32). Other studies have
reported the concentration-dependent cytotoxic, anti-meta-
static and antiangiogenic effects on HepG2 cells (33,34).
Within this context, six honey samples produced in Greece
were evaluated for their potential antioxidant properties.
The aim of the present study was to estimate the antioxidant
capacity of honey collected form areas around Greece by
small scale producers i) using in vitro cell-free assays; and
ii) by examining the effects of the honey varieties on the
redox status of a liver cancer cell line (HepG2) at non-cyto-
toxic concentrations. The findings presented herein will
allow for the identification of Greek honeys with promising
antioxidant capacity.

Materials and methods

Honey samples. Honey samples were collected from two
different regions in Greece from small-scale producers.
Specifically, the first region was Taygetos mountain in
Peloponnisos and from different areas of the longest mountain
range in Greece, particularly from Pindos. For the purpose of
the study, blind sampling was used. The only data available
were the type of honey, the beehive location and the harvest
date. In total, six different types of raw honey were collected
(Table SI), with the aim of evaluating these according to their
antioxidant properties. In order to prepare the honey samples,
they were diluted in 1:1 w/v deionized water (dH,O), followed
by 5 min of heating at 35-40°C. The heated samples were
allowed to stand for 15 min and then used to evaluate their
bioactivity using a series of in vitro cell-free and cell-based
assays.

In vitro cell-free assays

Total phenolic content (TPC). The estimation of TPC of
the different types of honey was performed by the use of
Folin-Ciocalteu (FC) reagent. A total of 20 pl of each sample,
1 ml dH,O and 100 ul FC reagent were added to test tubes,
followed by incubation for 3 min in room temperature (RT),
in the dark. Subsequently, 25%w/v of sodium carbonate
solution (280 ul) and 600 ul dH,O were added followed by
incubation for 1 h at RT and under dark conditions. A test
tube including only FC and dH,O was used as a blank and the
absorbance was measured at 765 nm using a spectrophotom-
eter (Hitachi, U 1900 UV/VIS, Hitachi High-Technologies
Corporation). For the estimation of TPC, a gallic acid stan-
dard curve was made (at concentrations of 0, 50, 150, 250 and
500 pg/ml) and later used for the expression of the results
as/mg of gallic acid equivalents (GAEs) per g of honey
(mg GAE/g honey) (35). The experiment conducted at least
three independent times.

2,2 Diphenyl 1 picrylhydrazyl (DPPH’) radical scavenging
assay. The free-radical scavenging capacity (RSC) of the honey
samples was evaluated using an assay originally described by
Brand-Williams et al (36), with slight modifications, as previ-
ously described (37). First, 50 xl methanolic solution of DPPH"
(100 xM) was mixed with 900 ul methanol (MeOH) and the
honey sample in a range of concentrations between 50 and
1.56 mg/ml. The samples were then incubated in the absence
of light, for 20 min and RT followed by the measurement of the
optical density at 517 nm using a spectrophotometer (Hitachi,
U 1900 UV/VIS, Hitachi High-Technologies Corporation). As
a blank, 1 ml methanol has used, and a solution of DPPH" and
methanol was used as a control. The RSC was calculated using
the following equation:

(ODconlrol _ ODsamplc)
ODcontrol

%RSC = x100

where OD"™! js the absorbance value of the control solution,
and OD**™ jg the absorbance value of the sample. Through
the graph-plotted RSC percentage against the honey concen-
tration, the half maximal inhibitory concentration (ICs,) was
calculated to compare the inhibition of radical capacity of the
honey samples. The experiment was conducted at least three
times independently.
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2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid
(ABTS™) radical scavenging assay. A slightly modified version
of the original one was used to evaluate the ability of the honey
samples to inhibit radicals (38). Firstly, 400 1 dH,0O, mixed
with 1 mM (500 pl) ABTS solution, 30 uM (50 ul) hydrogen
peroxide (H,0,) and 6 uM (50 pl) horseradish peroxidase
(HRP) were added in the test tubes, followed by incubation
at RT for 45 under dark conditions, for ABTS"* formation.
Subsequently, 50 ul of sample (in a range of concentrations
between 12.5 and 0.78 mg/ml) was added and the optical
density was monitored at 730 nm using a spectrophotom-
eter (Hitachi, U 1900 UV/VIS, Hitachi High-Technologies
Corporation). The mixture with the lack of sample was as a
control and the ABTS solution combined with H,0, was used
as a blank. The percentage RSC and the IC, value were deter-
mined as described above. The experiment was conducted at
least three times independently.

Hydroxyl radical scavenging assay. An altered version of
the one described by Chung et al (39) was used for the determi-
nation of the hydroxyl radical scavenging activity of the honey
samples, as previously described (40). Initially, 75 ul of sample
in a range of concentrations between 3.125 and 0.19 mg/ml
were mixed with 0.2 M (225 ul) and pH 7.4 of sodium phos-
phate buffer, 10 mM (75 pul) 2-deoxyribose, 10 mM (75 ul)
FeSO,-EDTA solution, 300 u1 dH,O and 10 mM (30 ul) H,O,.
Incubation was performed for 1 h at 37°C, followed by the
addition of 2.8% w/v (375 ul) trichloroacetic acid (TCA), and
375 ul of 1% 2-thiobarbituric acid (TBA) dissolved in 50 mM
NaOH and a new incubation was performed for 10 min at 95°C.
After 10 min, the samples were cooled on ice for 6 min, centri-
fuged at 3,000 x g for 10 min at 25°C, and the optical density
was monitored at 520 nm using a spectrophotometer (Hitachi,
U 1900 UV/VIS, Hitachi High-Technologies Corporation). As
a blank a mixture without H,0, was used and a mixture with
the presence of sample and the absence of H,O, was used as
a control. The percentage RSC and the IC;, value were deter-
mined as described above. The experiment was conducted at
least three times independently.

Superoxide radical scavenging assay. For the evaluation of
the superoxide anion radical-scavenging ability of the honey,
an altered version of the method described by Giilgin et al (41)
was used, as later described by Priftis et al (42). Initially, 50 ul
of the honey samples in a range of concentrations between
25 and 0.78 mg/ml was mixed with 16 mM (625 ul), pH 8.0
Tris-HCI buffer, 300 uM (125 ul) nitroblue tetrazolium
(NBT), 468 uM (125 ul) 2-deoxyribose, nicotinamide adenine
dinucleotide (NADH) and 60 M (125 pl) of phenazine metho-
sulfate (PMS). The samples were vortexed, incubated at RT for
5 min in the dark, and the optical density then measured at
560 nm using a spectrophotometer (Hitachi, U 1900 UV/VIS,
Hitachi High-Technologies Corporation). As a blank, a test
tube without PMS was used, and a test tube with the absence
of the sample was used as a control. The percentage RSC
and the IC,, value were determined as described above. The
experiment was conducted at least three times independently.

Peroxyl radical-induced DNA plasmid strand cleavage.
The assay was performed with some modifications, as previ-
ously described by Tekos et al (43). The thermal decomposition
of the 2,2'-azobis(2-amidinopropane) dihydrochloride (AAPH)
creates peroxyl radicals (ROQe). The reaction included a total

volume of 10 yl containing 3.2 ug pBluescript (SK+) plasmid
DNA, 2.5 mM AAPH dissolved in PBS and the honey samples
in a range of concentrations between 25 and 0.78 mg/ml. The
mixture was incubated at 37°C for 45 min, followed by the
addition of 3 ul loading buffer (0.25% bromophenol blue and
30% glycerol) in order to terminate the reaction. Analysis
was performed using electrophoresis on a 0.8% agarose gel
tagged with the fluorescent ethidium bromide (10 mg/ml),
and running for ~1 h at 80 V. The acquisition of images was
performed using a Multilmage Light Cabinet (Alpha Innotech
Corporation). Alpha View suite (Alpha Innotech software,
Alpha Innotech Corporation; ProteinSimple) was used to
analyze the UV-exposed gels. Antioxidant compounds have
the ability to scavenge peroxyl radicals. As a result, they can
prevent single-strand breaks, preserving the plasmid-DNA in
its supercoiled conformation. To estimate the inhibition of
peroxyl radicals by the tested samples, the following equation
was used:
S-9)
% Inhibition = === x100
(§*"-8)

In the equation, S represents the percentage of the supercoiled
plasmid DNA in the tested samples, S’ refers to the percentage
of the supercoiled plasmid DNA in the positive control, and
Seontrol represents the percentage of the supercoiled DNA in the
negative control. The ICs, value was determined as described
above. The experiment was conducted at least three times
independently.

Reducing power assay. The reducing power assay was
performed as previously described by Yen and Duh (44), with
some modifications, as previously described (45). Briefly, the
sample containing various concentrations of sample (between
25 and 0.78 mg/ml) was dissolved in a 0.2 M (200 ul), pH 6.6
phosphate buffer, mixed with a 1% (250 pl) potassium ferri-
cyanide and later incubated in a dry bath for 20 min at 50°C
followed by cooling on ice for 5 min. TCA [10% w/v (250 pl)]
was added prior to centrifugation for 10 min at 3,000 x g at
25°C. Finally, 700 pl of the mixture transferred to clean test
tubes, and 250 ul dH,O and 0.1% (50 ul) ferric chloride were
added, followed by incubation at RT for 10 min. The optical
density was then measured at 700 nm using a spectrophotom-
eter (Hitachi, U 1900 UV/VIS, Hitachi High-Technologies
Corporation). The results are represented as AU0.5. The AUO.5
value was defined as the concentration needed to achieve an
absorbance at 0.5 and arises from a graph-plotted absor-
bance against the sample concentration. The experiment was
conducted at least three times independently.

In vitro cell-based assays

Cells and cell culture. The HepG2 cell line was donated
by Assistant Professor Kalliopi Liadaki (Department of
Biochemistry and Biotechnology, University of Thessaly,
Larissa, Greece). HepG2 cells are frequently used to examine
the effects of unidentified compounds with potential anti-
cancer activity, as they maintain the activities of numerous
enzymes crucial for xenobiotic metabolisms. When studying
complex matrices such as honey, which contains a variety of
biologically active chemicals and whose efficacy may fluctuate
due to metabolic transformation, the selection of the cell line
is crucial (46).
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The cells were cultured in normal Dulbecco's modified
Eagle's medium (DMEM), containing 10% (v/v) fetal bovine
serum (FBS), 2 mM L-glutamine, 100 U/ml of penicillin and
100 U/ml of streptomycin (all from Gibco; Thermo Fisher
Scientific, Inc.; complete medium) in plastic disposable tissue
culture flasks at 37°C in 5% carbon dioxide. The experiment
was conducted at least three times independently.

Cell proliferation assay. Cell proliferation was examined
using the XTT assay kit (R&D Systems, Inc.). A total of
10,000 cells were placed in each well of a 96-well plate in
complete DMEM and incubated for 24 h at 37°C. The cells
later treated with a range of concentrations of raw honey in
DMEM in the absence of FBS. After 24 h, 50 ul of the XTT
solution, containing 49 ul XTT-labeling reagent with 1 ul
XTT activator were added to each well of the plate followed
by incubation for 4 h at 37°C and the measurement of the
optical density at 450 and 630 nm (which is the reference
wavelength) using a plate reader (Bio-Tek ELx800; Bio-Tek
Instruments, Inc.). The absorbance of each tested concentra-
tion of each tested honey was measured without cells, as well
as cell cultures in the absence of sample (control), and in the
absence of cells (negative control), using the same plate reader.
The absorbance values obtained in wells that contained only
raw honey samples were subtracted from those acquired from
wells that contained the respective extract concentration and
seeded cells. Data were calculated as follows: % (of control)
cell viability=(AB**"P¢/AB¢°"™") x100, where AB®"™! and
AB*™P indicate the optical density of the negative control and
the test compounds, respectively. All experiments were carried
out in triplicate and at least on two separate occasions.

Flow cytometric analysis of glutathione (GSH) and
reactive oxygen species (ROS) levels. For the purpose of
measuring the GSH and ROS levels, the HepG2 cells were
cultured in a six-well plate and incubated for 24 h at 37°C,
5% CO, and 80-95% humidity in complete medium, until
they reached a confluency of 70-80%. On the following day
the complete medium was replaced with serum-free medium
with the following honey concentrations: 3.125-25 mg/ml of
oak, EC, FOH, F1 and 1.56-12.5 mg/ml of FV and F2, and
incubated for 24 h at 37°C. In order to measure the GSH levels,
the cells were collected by trypsinization and washed with
PBS twice following consecutive centrifugations at 300 x g for
5 min at 4°C. Following each centrifugation step, the superna-
tant was discarded, and the cellular pellet (10 cells/ml) was
resuspended in PBS. Following the second wash, the cells
were incubated in 1 ml PBS, including 5 ul Thiol Green dye
(Thiol Green Indicator, Abcam), at 37°C for 30 min under dark
conditions with the obligation of slightly mixing every 10 min
under dark conditions followed by centrifugation (300 x g,
5 min, 4°C) and resuspension in PBS. Thiol Green accumu-
lates primarily in the cytosol in normal cells; however, when
the cells are apoptotic, it is able to partially translocate to the
mitochondria, while its staining intensity is decreased (47).
For the measurement of intracellular ROS levels, the cells
stained were with the DCF-DA fluorescent dye. Esterases
found inside of the cells deacetylate DCF-DA, which is then
further transformed into fluorescent DCF by the oxidative
action of ROS (48). The cells were incubated in the presence of
DCF-DA 10 uM (of 400 uM stock), at 37°C for 30 min under

dark conditions, followed by trypsinization and centrifugation
(300 x g, 5 min, 4°C) to wash the excessive fluorescent and
resuspension in PBS. Subsequently, using a FACSCalibur flow
cytometer (BD Biosciences), which employs excitation and
emission lengths of 490 and 530 nm both for ROS and GSH, the
cells were exposed to flow cytometric analysis. As measures of
the cell size and internal complexity, respectively, the forward
angle and right-angle light scattering were assessed. A flow
rate of 1,000 events per second was used to analyze 10,000
cells per sample, and logarithmic fluorescence intensities were
recorded. The data were assessed using BD Cell Quest 6.0
software (BD Biosciences). The experiment was conducted at
least three times independently.

For the determination of the levels of total antioxidant
capacity (TAC), TBA reactive substances (TBARS) and
protein carbonyls (PCARBS), the cells were lysed in PBS
with protease inhibitors (Complete™ mini protease inhibitors,
Roche Applied Science) at 1x10° cells/ml by sonication. The
protein concentration was measured using the Bradford assay
and subsequently, a modified method as previously described
by Patsoukis et al (49) was used.

TAC assay. The Janaszewska and Bartosz (50) technique
was used to determine the TAC levels. An amount of 500 ml
of phosphate buffer (10 mM; pH 7.4) in total with cellular
suspension (50 ug protein), or 500 ml phosphate buffer for
the blank were added, followed by the addition of DPPH"
(0.1 mM) solution with final volume of 1 ml. Following 60 min
of incubation at room temperature in the dark a centrifugation
(15,000 x g, 3 min, RT) step followed, and the optical density
was measured at 520 nm using a spectrophotometer (Hitachi,
U 1900 UV/VIS, Hitachi High-Technologies Corporation).
The results were estimated by the reduction of DPPH" to
DPPH:H (2,2-diphenyl-1-picrylhydrazine) caused by the cell
lysate antioxidants. The experiment was conducted at least
three times independently.

Lipid oxidation (TBARS) assay. The assay was performed
as previously described by Keles et al (51), with some modi-
fications, as previously described by Skaperda et al (52). A
total amount of (400-X) ul of PBS, (where X is the amount
of cell suspension needed to have 100 ug protein), or 400 ul
PBS for the blank was mixed with 500 pl Tris-HCI (200 mM,
pH 7.4) and 500 pl 35% TCA and incubated for 10 min at RT.
Subsequently, 2 M Na,SO, and 55 mM TBA (1 ml) solution
was added, followed by an incubation at 95°C for 45 min. The
samples were then placed in ice to cool, where 1 ml of 70% TCA
was added. Following centrifugation for 3 min at 11,200 x g,
the optical density was measured at 530 nm using a spectropho-
tometer (Hitachi, U 1900 UV/VIS, Hitachi High-Technologies
Corporation). The molar extinction co-efficient of malondial-
dehyde (MDA) was used to calculate the TBARS levels. The
experiment conducted at least three times independently.

Protein oxidation (PCARBS) assay. The determination of
PCARBS levels was based on the method previously described
by Patsoukis et al (49). In this assay, 400 ul PBS were used
combined with the amount of cell lysate needed required for
100 ug protein, followed by the addition of 500 gl of 10 mM
2 4-dinitrophenylhydrazine (DNPH; in 2.5 N HCI) or 500 ul
of 2.5 N HCl for the blank. Following 1 h of incubation in RT,
under dark conditions (with the obligation of mixing vigorously
every 15 min), centrifugation was performed at 15,000 x g for
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Table I. Total phenolic content, and ICs;and AU, 5 values of the raw honey samples obtained using in vitro cell-free assays.

Superoxide Reducing Plasmid
TPC DPPH’ ABTS™ OH’ radical power relaxation assay

Honey type (mg GAE/g) ICs,(mg/ml) ICs,(mg/ml) ICs(mg/ml) ICsy(mg/ml) AU;s(mg/ml)  ICy(mg/ml)
Oak 1.24 7.14£0.02  2.96+0.81 1.22+0.04 1.98+0.04 1.87+0.19 2.98+0.11
Eryngium creticum 0.84 9.95+0.025 4.03+0.08 1.04+0.06 7.48+0.37 3.60+0.3 6.04+0.19
Fir and vanilla 1.32 6.51+0.32  1.03+0.01 1.05+0.06 1.01+0.01 241+0.01 1.60+0.17
Forest with oak 1.16 461029  0.90+0.01 1.24+0.02 1.24+0.01 1.79+0.06 1.55+£0.15
honeydew

Flower (1) 0.86 15.04+0.3 1.99+0.1 0.68+0.01 4.32+0.14 3.71+£0.25 9.02+0.41
Flower (2) 0.89 8.47+0.69  1.45+0.02 0.66+0.01 2.63+0.02 2.28+0.01 6.86+0.68

TPC, total phenolic content; DPPH’, 2,2-diphenyl-1-picrylhydrazyl; ABTS™, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid; OH",
hydroxyl radical; ICy,, half maximal inhibitory concentration; GAE, gallic acid equivalent.

5 min at 4°C. Subsequently, the supernatant discarded and 1 ml
of 10% v/w TCA was added followed by vortexing and the
aforementioned centrifugation. The supernatant was discarded
again, and 1 ml ethanol-ethyl acetate (1:1 v/v) was added, and
the samples vortexed and centrifuged as described above. This
was followed by a washing step with ethanol-ethyl acetate step,
repeated 3 times. Finally, 1 ml 5 M urea (pH 2.3) was added
after the supernatant discarded, and the samples incubated
for 15 min at 37°'C. A centrifugation step under conditions as
described above was performed and the optical density was
measured at 375 nm using a spectrophotometer (Hitachi, U
1900 UV/VIS, Hitachi High-Technologies Corporation). The
molar extinction co-efficient of DNPH was used to estimate
the PCARBS concentration. The experiment was conducted at
least three times independently.

Chemicals. All chemicals used for all the aforementioned
assays were supplied by Sigma-Aldrich; Merck KGaA.

Statistical analysis. For the in vitro cell-free assays, an IC, or
AUOQ.5 value for each tested sample was estimated. Each experi-
ment was conducted in triplicate and on two separate occasions.
For the cell-based assays, all experiments were conducted
in triplicate and on three separate occasions. The data were
analyzed using one-way ANOVA, followed by Dunnett's post
hoc test to compare the mean value of each tested concentration
with the mean value of the control group. Spearman's correla-
tion analysis was used to determine the correlations between
various parameters in the in vitro cell free assays. Cell-free
data are presented as the mean + SD, and cell-based data as the
mean + SEM. A value of P<0.05 was considered to indicate a
statistically significant difference. All analyses were performed
using GraphPad Prism 8.0.1 (GraphPad Prism version 8.0.1 for
Windows, GraphPad Software, Inc.).

Results

In vitro cell-free assays for the determination of the
antioxidant, reducing and antigenotoxic capacity of the raw
honey samples. The results of the assays performed using
in vitro cell-free methods are presented in Table I. According

Table II. Correlation coefficient (Rho) values estimated from
the correlation analysis between the TPC values and the other
in vitro cell-free assays.

Correlation analyzed Rho value P-value

TPC vs. DPPH’ -0.771 P=0.1028
TPC vs. ABTS™ -0.543 P=0.2972
TPC vs. O, -0.943% P=0.0167"
TPC vs. OH’ 0.543 P=0.2972
TPC vs. RP -0.543 P=0.2973
TPC vs. ROO -0.657 P=0.175

*P<0.05, statistically significant correlation. TPC, total phenolic
content; DPPH’, 2 2-diphenyl-1-picrylhydrazyl; ABTS™, 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid; OH’, hydroxyl radical;
RP, reducing power; ROO, peroxyl radical.

to the results of the TPC, the fir and vanilla (FV) honey was
the one with the highest polyphenolic content, although the
oak and forest with oak honeydew honeys also had a high
polyphenolic content.

In the DPPH" assay, a wide range of ICy, values was
observed. The FOH honey had the highest scavenging activity,
followed by the FV and oak honeys. The results of the ABTS™
assay revealed that the FOH and FV honeys were those with
the highest antioxidant capacity. In the hydroxyl radical assay,
the flower (F1 and F2) honeys exhibited the lowest ICs, values,
which indicates the highest antioxidant capacity, despite the
fact that they had the lowest polyphenolic content. The FV
and FOH honeys had the highest efficacy in the superoxide
radical assay, as shown by their capacity to scavenge efficiently
DPPH", ABTS™ and superoxide radicals.

The antigenotoxic activity of the raw honey samples was
determined by the plasmid relaxation assay, in which the FOH
honey displayed the most potent antioxidant capacity as a
result of the lowest IC, value.

The honey samples exhibiting the highest reducing capacity
were the oak and FOH honeys. The same samples followed by
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Figure 1. Cytotoxic concentration threshold (mg/ml) in the HepG2 cells, as assessed using XTT assay for (A) oak honey, (B) Eryngium creticum honey, (C) fir
and vanilla honey, (D) forest with oak honeydew honey, (E) flower (1) honey, and (F) flower (2) honey. “P<0.05, significant difference compared with the

untreated HepG2 cells (control).

the FV honey, exhibited the highest polyphenolic content, and
the highest ability to inhibit DPPH", ABTS™ and superoxide
radicals (Table I).

As demonstrated by the results presented in Table II, there
is a very strong negative (Rho=-0.943) and statistically signifi-
cant (P=0.016) correlation between the TPC and superoxide
radical results, indicating that the higher the polyphenolic
content was, the lower the IC*° values were. There was also
a strong negative correlation (Rho=-0.771) between TPC and
DPPH', although this was not statistically significant (P=0.102).

In vitro cell-based results

In vitro cell-based assays for the determination of the
antioxidant capacity of the raw honey samples. All six of the
raw honey samples that were tested in the in vitro cell-free
assays, were also tested using the HepG2 cells in order to
evaluate antioxidant-related parameters.

XTT cell proliferation assay. The manufacturer's instruc-
tions for the XTT assay kit were followed in order to determine
which concentration of the samples impede cell growth
(i.e., effect on cell viability). The samples were administrated
in a liver cancer cell line (HepG2; Fig. 1, a sample was consid-
ered cytotoxic at a concentration where the proliferation was
<75%). According to the results, the cells were able to tolerate

higher concentrations of the oak, Eryngium creticum (EC),
FOH and F1 honeys.

Effects of honey on the levels of redox status biomarkers.
In order to examine the effects of the raw honey samples on
the HepG2 cells, the highest non-cytotoxic concentrations of
each sample were selected. The selected concentrations were
used to treat the cells and their effects on the intracellular GSH
and ROS levels, as well as on the TAC, TBARS and protein
carbonyls levels were assessed.

According to the results obtained using the oak
honey, treatment of the cells with lowest concentration
(3.125 mg/ml) increased the TAC and lipid peroxidation
levels, as compared to the control group. Furthermore, the
highest administered concentration (25 mg/ml) increased
the GSH, TAC, and TBARS levels in comparison with the
control group (Fig. 2A).

The results regarding the EC honey are presented in Fig. 2B.
In that case, the highest and lowest administered concentra-
tions induced statistically significant changes, as compared
to the control group. More specifically, an increase in TAC
levels was observed at the lowest concentration, followed by
an increase in PCARBS. Additionally, an increase in lipid
peroxidation levels was observed at the highest administered
concentration (25 mg/ml).
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Figure 2. Effects of the honeys on GSH, ROS, TAC, TBARS and PCARBS levels in HepG2 cells following 24 h of exposure. (A) Oak honey, and
(B) Eryngium creticum honey. "P<0.05, significant difference compared with untreated HepG2 cells (control). GSH, glutathione; ROS, reactive oxygen species;
TAC, total antioxidant capacity; TBARS, thiobarbituric reactive substances; PCARBS, protein carbonyls.
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Figure 3. Effects the honeys on GSH, ROS, TAC, TBARS and PCARBS levels in HepG2 cells following 24 h of exposure. (A) Fir and vanilla honey and
(B) forest with honeydew honey. "P<0.03, significant difference compared with untreated HepG2 cells (control). GSH, glutathione; ROS, reactive oxygen
species; TAC, total antioxidant capacity; TBARS, thiobarbituric reactive substances; PCARBS, protein carbonyls.

As regards the results of the FV honey (Fig. 3A), a statisti-
cally significant decrease in ROS levels was observed at the
6.125 and 12.5 mg/ml concentrations, as well as an increase in
lipid peroxidation levels at the highest administered concen-
tration (12.5 mg/ml). Moreover, PCARBS was promoted,
supported by the statistically significant increase in PCARBS
at 3.125 and 6.25 mg/ml, as compared to the control group.

The results of the FOH honey are presented in Fig. 3B. The
highest concentration (25 mg/ml) increased the TAC levels
in comparison with the control group. As regards the intra-
cellular GSH levels, a statistically significant decreased was
observed with the concentrations of 6.25 and 12.5 mg/ml. As
for the TBARS levels, a decrease was observed with the lowest
concentration (3.125 mg/ml).
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Figure 5. Scatter plots and histograms from flow cytometric analysis for the determination of glutathione levels in the HepG2 cell line. The control plots apply
to all sample concentrations. The plots are representative of the oak honey sample. (A) Control, (B) concentration of honey at 25 mg/ml, (C) concentration of
honey at 12.5 mg/ml, (D) concentration of honey at 6.25 mg/ml, and (E) concentration of honey at 3.125 mg/ml.

The results of the F1 honey presented in Fig. 4A, revealed a
decrease in the intracellular ROS levels at all tested concentra-
tions. No statistically significant differences were detected in
the other examined redox biomarkers, with the exception of
the increase in protein oxidation levels, with the concentration
of 12.5 mg/ml.

As regards the results of the F2 honey (Fig. 4B), a statisti-
cally significant decrease in GSH levels was observed at the
concentrations of 1.56,6.25 and 12.5 mg/ml. No marked effects
were observed on the other redox biomarkers examined.

Representative results from the flow cytometry experiment
are presented in Figs. 5 and 6. In particular, scatter plots and
histograms are presented for the determination of the intracel-
lular GSH (Fig. 5) and ROS levels (Fig. 6) in the HepG2 cell

line, following treatment with the oak honey at concentrations
25-3.125 mg/ml.

Discussion

The objective of the present study was to determine the antioxidant
capacity of honey produced on a small scale throughout Greece
by analyzing its effects using cell-free assays, and on a liver
cancer cell line (HepG2) redox status using in vitro cell-based
assays in biologically relevant concentrations. The HepG2 cell
line was used as the liver is the main metabolic organ. According
to the findings, there are variations depending on the type of
honey in both cell-free and cell-based assays. The cell-based
results also revealed that the effects are concentration-dependent.
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Figure 6. Scatter plots and histograms from flow cytometric analysis for the determination of reactive oxygen species levels in the HepG2 cell line. The
control plots apply to all sample concentrations. The plots are representative of the oak honey sample. (A) Control, (B) concentration of honey at 25 mg/ml,
(C) concentration of honey at 12.5 mg/ml, (D) concentration of honey at 6.25 mg/ml, and (E) concentration of honey at 3.125 mg/ml.

Scientific research on antioxidants derived from natural
products has gained global interest mainly due to their poten-
tial positive health effects. Oxidative stress is a condition in
which an imbalance between ROS production and antioxidants
occurs, leading to cellular damage and the dysregulation of
metabolism, associated with several pathological pathologies,
such as cancer, cardiovascular diseases, diabetes etc. (53,54).
Some phytochemicals are able to prevent damage induced
by oxidative stress, apart from scavenging free radicals (55).
Recently, a number of plant and honey phytochemicals have
been recognized for their health-promoting effects. For
example, flavonoids and ascorbic acid are some antioxidants
contained in honey that have been largely investigated for
their chemopreventive effects in vivo and in in vivo-like
models (56-58). Nevertheless, differences in the type and the
quantity of these substances that constitute the ingredients of
honey, are mainly attributed to the floral source of the honey.
Findings in the literature agree that honeys with a darker
color have a higher antioxidant capacity compared to the
lighter-colored ones (59).

In order to determine the antioxidant capacity of the raw
honey samples, the present study performed cell-free and
cell-based assays. The TPC levels ranged between 1.32 mg
GAE/g for the FV honey to 0.84 mg GAE/g for the EC honey,
which was the one with the lowest polyphenol content. These
levels reveal differences from previous research, which may be
due to the location of the beehives affecting the biodiversity of
the geographical region as well (60).

Subsequently, the samples were tested for their capacity
to inhibit DPPH’, ABTS™, and hydroxyl and superoxide radi-
cals. The FV, oak and FOH honeys were the most effective
in terms of their low ICs, values. Honeydew is comprised
of secretions of the living parts of plants or the excretions
sap-sucking insects; honeybees are able to find this on plants
and collect it (61). A honeydew honey has different chemical
composition compared to a nectar honey (62). Previous studies
by the authors examined the antioxidant and antimicrobial
capacity of 21 types of Greek honey and concluded that there
was a correlation between the antioxidant capacity and the

polyphenolic content (63,64). They also demonstrated the floral
source-related differences in their antioxidant activity (63).

The samples were also examined for their reducing capacity
that is strongly associated with their antioxidant capacity.
Substitutes with reducing activity are electron donors and are
able to reduce lipid peroxidation (65). According to the results
obtained herein, the oak and FOH honeys were those with the
highest reducing capacity, due to their low AUO.5 values. The
study by Giil and Pehlivan (26) demonstrated that monofloral
honeys (45% of a single pollen) had a higher reducing capacity
compared to multifloral honeys, a phenomenon which is
contradictory to the results of the present study, since the EC
honey had the lowest capacity and the oak honey exhibited
similar activity to that of the FOH honey.

In the plasmid relaxation assay, the results revealed that
the FOH and FV honeys were the most effective at protect
DNA from single-strand breaks induced by peroxyl radical
(ROOpv). This assay is used in order to evaluate the antioxi-
dant capacity of a sample as ROOe constitute components of
autoxidation and can be easily formed by the decomposition
of azo compounds (66). A previous study demonstrated the
high efficiency of six forest honeys in inhibiting ROO radi-
cals compared to other types, such as chestnut and heather
honeys (67).

The antioxidant capacity of honey is well-established,
although the precise mechanisms of action are not yet fully
understood (68). Mechanisms such as radical scavenging,
hydrogen donation, metallic ion chelation, flavonoids substrate
action for hydroxyl and superoxide radical actions are
considered as possible antioxidant mechanisms of honey (68).
Cell-free methods are reliable as a preliminary screening of
the effectiveness of the tested samples; therefore, further inves-
tigations using cell lines may provide information regarding
the bioavailability, the metabolism and the uptake of the anti-
oxidants constituents of the honey (69). The use of cell-based
methods can also be used to examine the potential toxic or
protective mechanisms (48). In the present study, a liver cancer
cell line (HepG2) was used for several reasons. These cells
are characterized by a general shortage of CYP enzymes, that
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are involved into the phase I metabolism of xenobiotics in the
liver. However, it is well-established that HepG2 cells exhibit
measurable activity levels of various CYP enzymes that are
responsible for the metabolic activation and inactivation of
diverse drugs and environmental compound (70). As a result,
the use of the S9 fraction was not included in the present study.

GSH is the most abundant endogenous antioxidant,
playing crucial roles in the detoxification and metabolic
processes (71). GSH has the ability to donate a hydrogen atom
from its sulfhydryl group, thus scavenging the free radicals
and other electrophiles either directly or indirectly used as a
substrate by antioxidant enzymes (48,72). In the present study,
the honey samples did not induce the production of GSH in
HepG2 cells, apart from the oak honey. Previously, a relatively
high expression of some GST enzymes (e.g., GSTA4, GSTM2,
or GSTT1) was identified in the specific cell line, which may
explain the current findings (70). Following this hypothesis,
the beneficial effects observed may not be due to GSH produc-
tion. It is worth mentioning that in the case of the F2 honey, the
GSH levels were decreased at all concentrations used, apart
from the 3.125 mg/ml concentration. As regards the other
examined redox biomarkers, no effects were observed. The F1
honey sample did not promote any alterations in the intracel-
lular GSH levels in HepG2 cells, whereas ROS levels were
decreased at all tested concentrations. Additionally, a decrease
in the levels of PCARBS was observed at 12.5 mg/ml. Despite
the fact that the F1 and F2 honey samples belong to the same
floral type, significant differences were observed in terms of
their activity. Such inconsistencies may be explained by the
different locations of the beehives, as well as the different
weather conditions and soil composition, all of these being
major parameters that affect flower biodiversity (60).

Considering the results for the EC honey, the administration
of the highest tested concentration, i.e., 25 mg/ml, disrupted
the intracellular redox balance and induced molecular damage,
as indicated by the significant increase in TBARS levels. It
may be hypothesized that the promotion of lipid peroxidation
was responsible for the increased cell death, which however
was not statistically significant, as observed in the XTT assay.
In the same sample, the lowest concentration used perturbed
the redox homeostasis, a finding supported by the elevation
in PCARBS levels. The activation of cellular antioxidant
mechanisms, as indicated by the significant increase in TAC
levels, was not sufficient to prevent oxidative protein damage.
As regards the FV honey, the highest concentrations used
(6.25 and 12.5 mg/ml) reduced the intracellular ROS levels,
while an increase in lipid peroxidation levels was observed
at 12.5 mg/ml. Furthermore, the intermediate concentrations
(6.25 and 3.125 mg/ml) increased PCARBS in comparison
with the control group. Protein carbonylation is widely used
as a reliable indicator of oxidative damage (73). Protein
carbonylation can impair the functions or inhibit the activi-
ties of proteins, while the heavily carbonylated proteins form
aggregates that cannot be degraded by the proteasomes, thus
endangering cell viability (74).

FOH, a honeydew honey as previously described, is char-
acterized by its dark color and has a different composition due
to the plant and insect exudates (62). Previous studies have
associated the dark color of honey with the higher amount of
phenolic compounds compared to nectar honeys (62,75,76).

Some phenolic compounds, such as myricetin and pinobanksin
are only detected in honeydew honeys (62). The anti-
oxidant capacity is highly related to the presence of phenolic
compounds, even though constituents such as enzymes and
organic acids also affect it (62). In the present study, the FOH
honey exerted beneficial effects at the lowest and highest
concentrations used (3.125 and 25 mg/ml), whereas detrimental
effects were observed at the intermediate concentrations. To
be more specific, the concentration of 3.125 mg/ml prevented
the promotion of molecular damage, an assertion supported
by the significant decrease in TBARS levels. According to the
study by Hilary et al (77), honey is able to reduce the MDA
levels in erythrocytes produced by lipid peroxidation, which is
in agreement with the results obtained herein for the sample
forest with honeydew and F2 honey. By contrast, the concentra-
tions of 6.25 and 12.5 mg/ml disrupted the redox homeostasis,
as indicated by the significant decrease in the intracellular
GSH levels. Finally, the concentration of 25 mg/ml activated
the cellular antioxidant defenses, expressed by the significant
increase in TAC levels, which however, was not able to prevent
cell death, as demonstrated by the cell viability assay.

As regards the oak honey, harmful effects were detected
at various concentrations. More elaborately, the lowest
concentration (3.125 mg/ml) perturbed the redox homeostasis,
an assertion supported by the elevated promotion in lipid
peroxidation. The activation of antioxidant defenses, expressed
through the significant increase in TAC levels, was not suffi-
cient to protect from the induction of molecular damage.
Similarly, the highest concentration used (25 mg/ml) disrupted
the intracellular redox homeostasis, as indicated by the signifi-
cant increase in lipid peroxidation levels. The intensification of
the cellular antioxidant defenses, evidenced by the significant
increase in GSH and TAC levels, was not able to prevent the
severe oxidative damage that led to cell death, as confirmed by
the cell viability assay. An interesting finding of the present
study was the emergence of an hormetic phenomenon in the
TBARS levels. More specifically, the elevated levels of lipid
peroxidation by-products, which were observed in the lowest
concentration used, were followed by the return of TBARS
to normal levels, whereas the administration of the highest
concentration promoted lipid peroxidation once again. This
phenomenon was also observed in the TAC levels. Notably, it
has been demonstrated that moderate levels of reactive species
cause cell adaptations to stress conditions, a phenomenon
known as hormesis. Hormesis is a biological phenomenon that
describes the capability of living systems, from a single cell to
an organism, to adapt following exposure to low doses or inten-
sity of a stressor (78,79). The concentration-dependent response
can explain both mechanistic and biological processes, such
as the induction of toxicity, repair and recovery, giving the
biological systems an evolutionary adaptive system (80). There
are several studies explaining the emergence of biphasic dose
responses in a wide range of natural products, such as herbs,
coffee and several polyphenolic compounds (81-83).

The six samples in the present study appeared to respond
differently to the induction of the biomarkers examined,
without exhibiting any specific pattern to the honey concentra-
tion used or in the type of biomarker measured. The global
literature indicates that honeys with different floral sources
have different biochemical profiles (84). Factors such as the
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location, climatic conditions, soil composition and the type of
pollinators in the environment surrounding the beehives affect
the honey obtained (85). According to Kaskoniené and Vensku
tonis (86), it is possible that even honeys with same floral source
from different locations vary according to their composition.
Apart from the floral source and the environmental factors, the
production techniques used by the beekeepers and the storage
conditions also affect the composition (87). Tomczyk et al (60)
tested 30 types of honey, in five subgroups, from two different
countries. In order to eliminate the floral source factor, the
honeys were the same type from both countries. The results
revealed that samples of the same variety, but from a different
country, exhibited a variation in their antioxidant capacity
proving the importance of environmental factors in terms of
antioxidant activity (60). Moreover, it is possible that in the
case of investigating another cell line, the samples may exhibit
a different mode of action (37,88).

The limitations of the present study comprise the lack of the
evaluation of the bioactive compounds and of the examination
of pesticide contaminations in the honeys tested. Nevertheless,
in the present study, the aim was to investigate the biological
effects of the honey samples as a total mixture, including all
bioactive compounds. These biological effects are categorized
between the samples tested, without indicating the biological
action of specific compounds. The authors aim to conduct
measurements concerning the determination of the bioactive
compounds of these samples in future research.

According to the scientific literature, exposure to pesticides
has a substantial impact on the development and progression
of a wide spectrum of chronic diseases in human populations,
dependingonthelevels of environmental exposure. Investigations
using laboratory animals designed to evaluate the toxicological
profile of pesticide mixtures, administered at concentrations
below the existing regulatory limits, have revealed the mani-
festation of detrimental effects when assessed by metabolomics
contrary to the conventional biochemical measurements (89).
Furthermore, previous studies have reported that exposure to
low levels of pesticides under the long-term, low-dose regimen
perturbs the redox homeostasis and induces oxidative stress,
thus causing adverse effects on the organism level in the long
term (90,91). In the present study, organic raw honey samples
were used, which are free of pesticides (92).

In conclusion, the present study demonstrates that the
examined raw honey samples exhibited potent antiradical,
reducing and antigenotoxic properties in in vitro cell-free
systems. By contrast, most of these exerted harmful effects on
the HepG2 cell line by perturbing the redox homeostasis and
by promoting molecular damage through lipid peroxidation or
protein carbonylation. Notably, a hormetic phenomenon was
observed following treatment of the HepG2 cells with the oak
honey. Conclusively, the findings of the present study confirm
the promising role of the tested raw honey samples based
on their antioxidant capacity and on their ability to disrupt
the redox balance in HepG2 cells. Considering the complex
effects that were detected at various concentrations in the
cell-based systems, further investigations are required using
biological systems of higher levels to elucidate the molecular
mechanisms of action of the samples. Towards this direction,
it is of paramount importance to evaluate their redox-related
properties in vivo.
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