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A B S T R A C T

Honey, a natural production of honeybees, underscores Turkey’s prominence as one of the world’s largest honey 
producers. The country’s diverse flora fosters optimal conditions for beekeeping, resulting in the production of 
exceptional-quality honey. Centauri® Honey is uniquely sourced from remote alpine regions in Turkey, char
acterized by bees that inhabit isolated caves with access to medicinal endemic flowers year-round, promoting a 
unique and pristine production environment. This study evaluates the quality, physicochemical properties, 
nutritional parameters, and biological activities of five types of Centauri® Honey. The in vitro studies highlighted 
significant nitric oxide inhibition in Centauri® Cave Honey, suggesting it is a promising candidate for further 
research and potential therapeutic applications, especially in enhancing immune responses by reducing the in
flammatory response. This study confirms that Centauri® honey not only adheres to the rigorous standards of the 
Codex Alimentarius but also offers substantial health benefits, advocating for continued research into its me
dicinal applications.

1. Introduction

Honey, a natural product created by honeybees through the collec
tion of nectar, plant secretions, or excretions from plant-sucking insects, 
is a complex substance rich in sugars and diverse components ( Rysha 
et al., 2022; Saxena et al., 2010). Enzymes, amino acids, organic acids, 
carotenoids, vitamins, minerals and aromatic substances intermingle 
within this golden liquid (Codex Alimentarius Commission, 2001; Rysha 

et al., 2022). Blossom honey, also known as nectar honey, is derived 
from plant nectar. In contrast, honeydew honey primarily originates 
from the excretions of plant-sucking insects (Hemiptera) or from the 
exudations of living plant parts (Codex Alimentarius Commission, 
2001). Notably, honey is abundant in flavonoids and phenolic acids, 
displaying various biological effects and acting as natural antioxidants 
(Alqarni et al., 2014; da Silva et al., 2016).

The chemical composition and physical attributes of honey, 
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including colour, aroma and flavour, as well as the bioactivity, are 
intricately influenced by features like nectar composition, climate, 
geographical source, harvesting techniques and storage conditions 
(Bogdanov et al., 1999; da Silva et al., 2016; Gonçalves et al., 2018). The 
Codex Alimentarius standard and the EU Honey Directive provide 
accepted parameters for various characteristics, in order to regulate 
quality standards of honey (Codex Alimentarius Commission, 2001, The 
European Union Council Directive 2001/110/EC, 2001).

Throughout history, honey has been employed for its remarkable 
antimicrobial properties, particularly in the realm of wound healing 
(Childress & Stechmiller, 2002; Koetzler et al., 2009; Yilmaz & Aygin, 
2020). Studies have shown the occurrence of nitric oxide, which accel
erates inflammatory and proliferation stages of wound healing by 
fostering vasodilation, increasing antimicrobial activity and enhancing 
vascular permeability (Childress & Stechmiller, 2002; Koetzler et al., 
2009; Yilmaz & Aygin, 2020). Moreover, honey facilitates 
re-epithelialization, angiogenesis and stimulation of skin and immune 
cells, collectively promoting tissue regeneration (Scepankova et al., 
2021). Research indicates a correlation between honey’s antioxidant 
and antimicrobial properties, its phenolic content and colour, with 
darker varieties exhibiting higher concentrations of polyphenols and 
enhanced activities (Gonçalves et al., 2018).

Turkey, as the second-largest global honey producer, with an annual 
output of approximately 100,000 tons, boasts a favourable apicultural 
environment due to the abundance of flowers, which provides an ideal 
setting for beekeeping endeavours (Food and Agriculture Organization 
of the United Nations; Mayack & Hakanoğlu, 2022). Centauri® Honey, 
sourced from remote alpine regions in Turkey’s elevated hills, situated 
2500 m above the Black Sea, is meticulously harvested by bees inhab
iting caves far from human settlements and other bee populations. With 
unencumbered access to endemic medicinal flowers year-round, Cen
tauri® Honey offers a unique and pristine environment for honey pro
duction (Tornuk et al., 2013; Yılmaz & Yavuz, 1999).

This study aims to conduct a comprehensive exploration of the 
quality, physicochemical properties, nutritional components and bio
logical activities of five types of Centauri® honey. Through a complete 
examination, we seek to uncover the distinct qualities that make Cen
tauri® Honey a valuable and potentially beneficial natural product.

2. Methods and materials

2.1. Honey samples

In total, five Centauri® honey samples were collected in August 2022 
in different regions of Turkey, details of which are shown in Table 1. 
During production, the nutrition of the bees is manipulated using pre- 
collected honeys from different regions of Turkey, making it impos
sible to attribute the final product to a single botanical region.

Storage and Processing: Honey production begins at the entrance of 
caves within black hives. Once the combs are filled with honey, they are 
removed from the hives and placed inside the caves at varying depths for 
an aging process lasting 2–3 weeks. The combs are positioned between 

or on the rocks during this time. After aging, the combs are hand- 
squeezed to extract the liquid honey. The extracted honey is then 
bottled and stored in glass jars within the caves until sold.

2.2. Quality and physicochemical parameters of honey

The colour index, moisture, electrical conductivity, hydrox
ymethylfurfural (HMF) content, pH, free and total acidity, diastase and 
proline content were performed using the procedures advised by the 
International Honey Commission (Bogdanov, 2002). All the de
terminations were done in triplicate for each sample.

The color index of the honey was analysed using a Honey Color C221 
colorimeter (Hanna Instruments, Woonsocket, Rhode Island, USA). 
Moisture content was determined with a refractometer (Digit-5890, Ref: 
8100.5890, Netherlands).

Electrical conductivity was measured using a calibrated Consort 
C868 conductivity meter (Hanna Instruments, Woonsocket, Rhode Is
land, USA) by dissolving 5 g of honey in 25 mL of distilled water.

The pH and acidity measurements, a HI902 potentiometer titrator 
(Hanna Instruments, Woonsocket, Rhode Island, USA) was used. A so
lution was prepared by dissolving 10 g of honey in 100 mL of deionized 
water, and 25 mL of this solution was placed in a beaker with a pH 
electrode to record the initial pH. The solution was then titrated with 
0.1 M sodium hydroxide (NaOH) to determine free acidity. To assess 
lactonic acidity, additional NaOH was added until a final volume of 10 
mL was reached, followed by re-titration with 0.025 M sulfuric acid 
(H2SO4) until the equivalence point (pH 7) was achieved. The difference 
in NaOH consumed in the two titrations was used to calculate lactonic 
acidity and total acidity, expressed in meq.kg− 1.

Diastase activity was measured using the Phadebas method. A so
lution of 1 g of honey in 100 mL of water was prepared, and 5 mL of this 
solution was transferred to test tubes and incubated at 40 ◦C with acetate 
buffer and Phadebas tablets. After 15 min, the reaction was stopped with 
0.5 M NaOH, and absorbance was measured at 620 nm. Diastase number 
(DN) was calculated using specific equations based on the absorbance 
value: DN = 28.2 * Abs620 + 2.64 if DN > 8, or DN = 35.2 * Abs620 – 
0.46 if DN < 8.

Proline content was evaluated spectrophotometrically by diluting 
0.5 g of honey in 10 mL of distilled water. The honey solution, distilled 
water, and a standard proline solution were reacted with formic acid and 
ninhydrin, heated in a boiling water bath, and cooled. Absorbance was 
measured at 510 nm, and proline content was calculated using the 
equation: Proline = (Abs Sample/Abs standard) x (mass standard/mass 
Sample) x 80, with results expressed in mg.kg− 1.

The 5-HMF content was performed by HPLC according to a previous 
method (Bogdanov, 2002). The samples were prepared by diluting 5 g of 
honey samples in a small quantity of distilled water. After transferring 
the diluted sample to a 25 mL volumetric flask, 500 μL of Carrez I and 
Carrez II solutions were added. The solutions were filtered through a 
0.45 nm membrane directly into a vial. The 5-HMF standard solution 
was prepared at 0.012 mg/mL in distilled water and five dilution solu
tions were made, filtered and passed to a vial. The HMF content of the 

Table 1 
Centauri® honey samples and their respective characteristics.

Characteristics Honey samples

A B C D E

Altitude (m) 1800 2700 2500 1600 2600
Cave depth 

(m)
3 1 Cave + Traditional 5 15

Visual colour Black Mid color (Dark brown) Lighter brown Very Light Mix Black & Dark Brown
Bee’s nutrition Endemic herbs + Oak 

honey
Endemic herbs +
polyfloral honey

Endemic herbs +
polyfloral honey

Endemic herbs + polyfloral 
honey

Endemic herbs + monofloral honey +
polyfloral honey

Location Western aegean Eastern black sea Eastern black sea Southeastern Anatolia Western aegean & Eastern black sea
Origin Beekeeper/Research 

samples
Beekeeper/Research 

samples
Beekeeper/Research 

samples
Beekeeper/Research 

samples
Commercial
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honey samples was calculated by relating the corresponding peak areas 
with those of the standard solutions, considering the dilution. The re
sults are conveyed in mg/kg.

These methods comprehensively analyze the honey’s color, moisture 
content, electrical conductivity, pH, acidity, diastase activity, and pro
line content, providing essential quality indicators for various 
applications.

2.2.1. Protein content
The protein content was given using the Kjeldahl method, which 

consists of indirect determination based on the quantification of total 
organic nitrogen (Pascual-Maté et al., 2018).

The assay started with the digestion of 1 g of honey samples by the 
addition of 15 mL of sulfuric acid and a metallic catalyst, used to 
accelerate the oxidation process of organic matter, in a digester at 
400 ◦C for 70 min, with an automatic distillation and titration unit 
(model Pro-Nitro-A, JP Selecta, Abrera, Barcelona) (Fernandes et al., 
2023). For the conversion of nitrogen content into total protein, a con
version factor of 6.25 was applied, expressing the results in g/100 g of 
honey.

2.2.2. Ashes
The ash content was determined indirectly using a formula that relies 

on previously measured conductivity values. This calculation was per
formed based on the formula provided by (Sancho et al., 1992) as out
lined in the established literature. 

Ashes (%)=
conductivity (mS∕cm)

1000
− 0.14 ÷ 1.74 

The equation adjusts the conductivity value to estimate the per
centage of ash in the sample, providing an indirect but reliable measure 
of ash content.

2.2.3. Carbohydrates
The carbohydrate content was calculated using a formula that in

corporates the previously determined values for moisture, ash, protein, 
and lipids. This method is well-established in the literature, as defined 
by (Shugaba, 2012). The formula used is as follows: 

Carbohydrates (%) = 100 - %moisture – (%ash + %protein + %lipids) 

This formula provides the percentage of carbohydrates by subtract
ing the combined percentages of moisture, ash, protein, and lipids from 
100%.

2.2.4. Energy
The energy value was calculated using a standard formula from the 

literature, as described by (Shugaba, 2012). This formula estimates the 
caloric content of the sample by accounting for the contributions of 
proteins, carbohydrates, and lipids. The calculation is as follows: 

Energy (kcal/100g) = 4x (%protein + %carbohydrates) + 9x (%lipids) 

By applying this formula, the total energy value per 100 g of the 
sample can be determined.

2.2.5. HPLC-RI determination of sugars
The sugar content was performed by liquid chromatography coupled 

to a refraction index detector (HPLC-RI), in accordance with the pro
cedures advocated by the International Honey Commission (Bogdanov, 
2002). The samples were prepared by diluting 2.5 g of honey with 20 mL 
of distilled water. Next, 12.5 mL of methanol was pipetted into a 50 mL 
volumetric flask, to which the honey solution was then added. Lastly, 
water was added to make up the final volume. The solutions were 
filtered through a membrane filter and collected in sample vials. As a 
mobile phase, a mixture of acetonitrile/water 80:20 (v/v) was used, 
with a flow rate of 1.3 mL/min. By comparing the retention times of the 

sample peaks with those of standards, the identification of sugars was 
obtained. Using standard samples of known composition and concen
tration, calibration curves were determined as follows: fructose 
(3.1–60.0 mg/mL, y = 58.03x – 37.89, R2 = 0.999), glucose (2.3–45.0 
mg/mL, y = 59.02x – 31.24, R2 = 0.999), sacarose (0.2–4.5 mg/mL, y =
59.90x – 12.58, R2 = 0.999), turanose (0.2–2.8 mg/mL; y = 24.36x +
0.7668, R2 = 0.999), maltose (0.2–4.5 mg/mL, y = 33.98x + 5.568, R2 

= 0.998), trehalose (0.2–4.5 mg/mL, y = 40.35x + 5.449, R2 = 0.999), 
melezitose (0.5–4.5 mg/mL, y = 39.03x + 6.845, R2 = 0.999) and 
raffinose (0.5–4.5 mg/mL, y = 34.843x + 3.595, R2 = 0.999). For each 
of these standards, a calibration line was established by the internal 
standard method, using a range of concentrations, according to the ex
pected levels for each sugar. The obtained values were calculated from 
the peak area and are presented in g/100 g of honey.

2.3. HPLC-ESI-QTOF-MS/MS and chemometric approach

2.3.1. Sample preparation and fingerprinting by mass spectrometry
Around 200 mg of each honey sample was transferred to an eppen

dorf vial and dissolved in ca. 0.2 mL of methanol/water mixture 2:8 (v/ 
v) to achieve the concentration of 200 mg/mL. Next, the eppendorf was 
vortexed for 5 min and later centrifuged for 10 min at 10,000 rpm and 
4 ◦C. The supernatant was later filtered through a nylon syringe filter, 
with a pore diameter of 0.1 μm, directly into autosampler vials and 
subjected to HPLC-MS analysis.

The HPLC-ESI-QTOF-MS/MS chromatograph produced by Agilent 
Technologies (Santa Clara, California, USA) was employed for the 
fingerprinting of the extracts and an untargeted analysis. The instrument 
was composed of a 1200 Series HPLC chromatograph equipped in a 
degasser, an autosampler, a column thermostat, a DAD detector, a mass 
spectrometer (G6530B) equipped in a dual AJS ESI ionization source 
and an isocratic pump for delivering the calibration ion mixture. The 
separation of the extracts’ constituents was achieved at 0.2 mL/min on 
an RP-18 Zorbax Eclipse Plus column, with dimensions of 150 mm × 2.1 
mm and a pore size of 3.5 μm, in the gradient of acetonitrile with 0.1% 
formic acid in water: 0 min–1%, 10 min–20%, 15 min–40%, 17–18 min – 
95%, 19–30 min – 1%. The isocratic pump delivers the reference ion 
mixture at the flow rate of 0.01 mL/min. The mass spectra were acquired 
after 10 μL injection of a sample on a freshly calibrated instrument in 
two ionization modes and in three repetitions for each mode. The 
following MS settings were applied: gas and shield gas temperatures of 
250 and 300 ◦C, respectively, gas flows of 12 L/min, nebulizer pressure 
of 35 psig, skimmer voltage of 65 V, capillary voltage of 3000 V, nozzle 
voltage of 1000 V, m/z range of 40–1200 Da and collision energies of 10 
and 20 V. Two the most intensive m/z signals were fragmented in each 
scan and were later excluded for the following 0.2 min. The acquisition 
and analysis of data were recorded by the Mass Hunter Workstation 
program (version B.10.00, Agilent Technologies), whereas the following 
sample processing was performed in the Mass Profiler Professional 
Program (version 15.1., Agilent Technologies). First, the molecular 
feature extraction was performed from the recorded injections by Pro
finder program v.10.0.02 (Agilent Technologies) in order to extract the 
list of m/z signals present in the analysed samples, together with their 
retention times and peak areas in the csv format, later to be compared in 
the chemometric analysis. The collected data were filtered according to 
several criterions, which included mass tolerance of 10 ppm, retention 
time variation of 0.3 min, a peak area of at least 1% of the highest signal 
and were clustered in five groups following the names of five honey 
samples – from A to E. Then, the obtained data were analysed by the 
Mass Profiler Professional Program. The PCA analysis was performed for 
all analysed samples on the sets of 463 and 169 entities for the positive 
and the negative ion mode, respectively (P < 0.05), using One-way 
ANOVA with asymptotic p-value computation and Benjamini- 
Hochberg multiple testing correction – directly by the Mass Profiler 
Professional Program. Later, the identification of the different signals 
was achieved at P < 0.001 using a list of high-resolution mass 
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measurements to be identified with the help of the commonly available 
MS libraries, like Metlin collection of metabolites, lipids, proteins and 
small molecules, and in relation to the scientific literature.

2.4. In vitro biological activities of honey

2.4.1. Antioxidant activity

2.4.1.1. Thiobarbituric acid reactive substances (TBARS) method. The 
antioxidant activity of the honey samples was accomplished using the 
Thiobarbituric Acid Reactive Substances (TBARS) method (Feitor Fer
nandes, 2010) and DPPH. Initially, the samples were dissolved in water 
and then consecutively diluted to achieve concentrations ranging from 
250 mg/mL to 0.24 mg/mL. The assay focused on assessing lipid per
oxidation inhibition within homogenates from porcine (Sus scrofa) 
brains, by quantifying the reduction of TBARS. The reduction was 
quantitively measured by the colour intensity produced by the reaction 
between malondialdehyde (MDA) and thiobarbituric acid (TBA), with 
absorbance recorded at 532 nm. The percentage of inhibition was 
calculated using the formula: 

Inhibition Ratio (%)=
A − B

A
× 100% 

where ’A’ represents the absorbance of the control solution and ’B’ the 
absorbance of the treated sample solution. The results were expressed as 
EC50 values (mg/mL), representing the concentration of the sample that 
achieves 50% antioxidant activity.

2.4.1.2. Cellular antioxidant activity (CAA). The cellular antioxidant 
activity (CAA) was subsequently evaluated using a murine macrophage 
cell line (RAW 264.7). This assay assessed the honey samples’ ability to 
prevent the oxidation of intracellular 7′-dichlorodihydrofluorescein 
(DCFH) following a previously described methodology. Quercetin 
served as the positive control, while 7′-dichlorodihydrofluorescein and 
Dulbecco’s modified Eagle’s medium (DMEM) was used as negative 
controls. The eight lipidic extracts were dissolved in a DMSO (50:50, v/ 
v) solution and tested at final concentrations of 8, 2, 0.5, and 0.125 mg/ 
mL. Results were expressed as the percentage inhibition of reactive 
oxygen species (ROS) formation at the highest concentration tested 
(2000 μg/mL) (de la Fuente et al., 2022; Silva et al., 2023).

2.4.1.3. DPPH radical scavenging assay. The antioxidant potential was 
evaluated using the synthetic free radical 2,2-diphenyl-1-picrylhydrazyl 
(DPPH), as described by (Ntungwe et al., 2021). The samples were tested 
at a concentration of 20% (w/v). Quercetin served as the positive con
trol. Assays were conducted in triplicate, and the free radical scavenging 
activity was calculated using the following formula: 

Scavenging activity (%)=
Abs control − Abs sample

Abs control
× 100 

2.4.2. NO-production inhibition
The capacity of the studied honey samples to inhibit the production 

of the inflammatory chemical mediator nitric oxide (NO) was measured 
thought a murine macrophage cell line (RAW 264.7) stimulated with 
lipopolysaccharide (LPS). The assay was performed using the Griess 
Reagent System Kit (Promega, Madison, WI, USA), following the 
methodology described by (Silva et al., 2020). The samples were dis
solved in DMSO:water (50:50, v/v) and subsequently diluted to achieve 
a concentration range of 0.125–8 mg/mL for testing. Dexamethasone at 
a concentration of 50 μM (Sigma-Aldrich, Saint Louis, MO, USA) served 
as a positive control, while cells in the presence and absence of LPS were 
tested as the negative control. Results were conveyed by determining the 
concentration of the sample responsible for inhibited 50% of NO pro
duction (IC50, μg/mL) (Mandim et al., 2022).

2.4.3. Cell cultures
The FHC (normal human colon) cell line was acquired from the 

American Type Culture Collection (CRL-1831, LGC Standards, 
Lomianki, Poland) and cultured in DMEM:F12 Medium, containing 2.5 
mM L-glutamine, 15 mM HEPES, 0.5 mM sodium pyruvate and 1200 
mg/L sodium bicarbonate (American Type Culture Collection, Mana
ssas, Virginia, USA). The A549 (human lung adenocarcinoma) cell line 
was purchased from Sigma-Aldrich (St. Louis, MO USA) and cultured in 
Eagle’s Minimum Essential Medium with foetal bovine serum in a final 
concentration of 10% (Sigma-Aldrich, St. Louis, MO USA). The experi
ments (n = 6) were executed after attaining 80%–90% confluence 
(passage three to eight) by the cells. The cell viability was assessed using 
MTT assay.

2.4.3.1. MTT assay. The cells were treated with varying percentages of 
honey samples (0.5%–10%). After 24, 48 or 72 h of incubation, 50 μL of 
methyl thiazolyl tetrazolium (MTT, Sigma-Aldrich, St. Louis, MO, USA) 
was introduced into each well and incubated for 4 h. The contents of the 
wells were then removed and washed twice with phosphate-buffered 
saline (PBS, Gibco, Thermo Fisher Scientific, INC. Waltham, MA, 
USA). Intracellular formazan crystals were dissolved by adding DMSO. 
The absorbance was taken at a wavelength of 550 nm.

2.4.3.2. Experimental procedures. Cells were plated out in 100 μL ali
quots (1x104 cells per well) into a 96 well plate and for a 24 h period of 
incubation at 37 ◦C and 5% CO2. Subsequently, cells were treated with 
1% of honey (A-E). Moreover, the cells were treated with LPS (10 ng/ 
mL) to stimulate inflammation.

2.4.3.3. RNA isolation and cDNA synthesis. Total RNA was isolated with 
a Total RNA mini kit (A&A Biotechnology, Gdynia, Poland). Isolated 
RNA was purified and stored at − 80 ◦C. Briefly, 1 x 10⁶ cells were 
centrifuged and the supernatant removed. 800 μL phenozol was added 
to the prepared cells and mixed for complete cell lysis. The suspension 
was incubated for 5 min at 50 ◦C. To the lysate prepared in this way, 200 
μL of chloroform was added, the sample was gently stirred and then left 
for 3 min at room temperature. It was then centrifuged for 10 min at 
12,000 RPM. After centrifugation, the upper fractions were collected 
into a new Eppendorf tube. 250 μl of isopropanol was added to the su
pernatant and applied to the mini-column after mixing. Centrifuge for 1 
min at 12,000 RPM. The mini-column was transferred to a new tube and 
700 μl of A1 wash solution was added. Centrifuge for 1 min at 12,000 
RPM. After removal of the filtrate, the rinsing with A1 solution was 
repeated. After centrifugation for 1 min at 12,000 RPM, the mini-column 
was removed, the filtrate was removed and 200 μl of wash solution A1 
was added. Centrifugation was performed for 2 min at 12,000 RPM. 
Finally, the mini-column was transferred to a new Eppendorf tube, 100 
μl of ultrapure water was added, left for 3 min at room temperature and 
then centrifuged for 1 min at 12,000 RPM to elute the RNA. Subse
quently, reverse transcription using 1 μg of total RNA was carried out 
with High-Capacity cDNA kit (Applied Biosystems, Foster City, CA, 
USA). The procedures were executed according to the protocol supplied 
by the manufacturer. Briefly, to the tube was added 10 μL of 2X RT 
master mix followed by 10 μL of RNA sample. The sample was mixed, 
briefly swirled and left on ice. The reverse transcription reaction was 
carried out in a thermocycler using the following parameters: 25 ◦C/10 
min, 37 ◦C/120 min, 85 ◦C/5min. The volume of the reaction mixture 
was 20 μL.

2.4.3.4. Gene expression analysis. The expressions of proteins: IL-1β and 
IL-6 were evaluated by TaqMan gene expression assays qPCR technique, 
Hs01555410_m1 (IL-1β) and Hs00174131_m1 (IL-6), purchased from 
Life Technologies (Carlsbad, CA, USA). Each sample was taken in trip
licate and the gene expression was employed with the 2− ΔΔCt method. 
The results were normalized utilizing endogenous reference gene - 
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β-actin (Hs99999903_m1, Life Technologies, Carlsbad, CA, USA).

2.4.3.5. ELISA test. The concentrations of IL-6 and IL-1β were obtained 
by ELISA using a commercial MyBiosource kit (San Diego, California, 
USA), according to the manufacturer’s protocol.

IL-6: Standard was prepared by adding 50 μl of standard solutions 
(S1, S2, S3, S4, S5, S6) to the respective standard wells. Test samples 
were prepared by adding 50 μl of sample to each well and then adding 
100 μl of HRP-conjugated reagent to each well except the blank wells. 
The plate was then sealed and incubated for 60 min at 37 ◦C. After this 
time, all wells were washed 4 times, 50 μl of chromogen A solution was 
added to each well and 50 μl of chromogen B solution was added. The 
samples were gently mixed and the plate was incubated for 15 min at 
37 ◦C. After incubation, 50 μl of stop solution was added to each well.

The optical density (O.D.) was read at 450 nm using an ELISA reader 
5 min after the addition of the stop solution.

IL-1β: Standards or samples were added to the appropriate wells 
(100 μL per well) and incubated at 37 ◦C for 90 min. The ELISA plates 
were washed 2 times and then the prepared biotinylated antibody was 
added to each well (100 μL per well). The plates were incubated at 37 ◦C 
for 60 min. Then the ELISA plates were washed 3 times, the prepared 
enzyme conjugate was added to each well other than the blank wells 
(100 μL per well). Plates were incubated at 37 ◦C for 30 min. The ELISA 
plates were then washed 5 times and 100 μL of the prepared colour 
reagent was added to each well (including the blank well). The plates 
were incubated at 37 ◦C. The incubation was carried out until a clearly 
appearing colour gradient in the standard. Then 100 μL of colour reagent 
C was added to each well (including the blank well). After thorough 
mixing, the results were read OD 450 nm).

2.5. Statistical analyses

The results were analysed with Statistica software (StatSoft, Tulsa, 
OK). Levene’s test and the Shapiro-Wilk test were used, respectively, to 
verify the equality of variances and the data distribution. As a multiple 
comparison procedure, the ANOVA test was used to calculate significant 
changes, along with the appropriate post hoc tests. A P value of less than 
0.05 was considered statistically significant.

3. Results

3.1. Physicochemical and nutritional parameters of honey

The physicochemical analysis of the five honey samples began with 
an examination of their colour. As shown in Table 2, the honey samples 
displayed a diverse range of colours, with honey A being a dark amber, 
B, C and E exhibiting a delicate light amber hue, and D standing out with 
its white appearance. The moisture content was also evaluated, 
revealing results ranging between 14% and 18% (w/w). The electrical 
conductivity values of the five samples comply with the recommended 
maximum value of 800.00 mS cm− 1, outlined by the Codex Alimentarius 
(2001).

The pH determination in our analysis (Table 2) revealed that honey 
samples B and C had slightly lower pH levels than expected (3.049 and 
3.100, respectively). In contrast, honey samples A, D, and E exhibited 
higher pH values (4.348, 3.200, and 3.600, respectively). Free acidity 
was evaluated, and the results indicated that all the honey samples had 
values lower than the maximum permitted value of 50.0 meqKg− 1. The 
5-Hydroxymethylfurfural (5-HMF) content, which indicates honey 
freshness and potential overheating. The results showed 5-HMF levels 
ranging between 3.0 and 9.70 mg kg− 1. Diastase activity, which is 
crucial for indicating aging and exposure to elevated temperatures, was 
measured in the honey samples. All samples, except honey D, met the 
minimum level of 8 diastase units as set by the Codex Alimentarius and 
the European Honey Directive. Honey D, however, exhibited a lower 

diastase index. According to the Codex Alimentarius, the ash content for 
blossom honey should be below 0.6 g/100 g, while honeydew honey or a 
mixture of honeydew honey with blossom honey should not exceed 1.2 
g/100 g (Codex Alimentarius Commission, 2001). The ash content of 
honey samples B through E ranged from 0.04 to 0.33 g/100 g, aligning 
with the standard requirements for blossom honey. Honey sample A 
exhibited an ash content of 0.87 ± 0.12 g/100 g. This higher ash content 
aligns with the composition of honey sample A, as the bees were fed with 
endemic herbs and oak honey. Since oak honey is classified as honeydew 
honey, which naturally has a higher ash content, this result was 
expected.

The protein content of the honey samples ranged between 0.27 and 
0.72 g/100g. Honey sample A recorded the higher protein content (0.72 
g/100g ± 0.03), while honey sample D presented the lowest quantity of 
protein (0.27 g/100g ± 0.01).

The results of sugar content analysis in honey are shown in Table 3. 
The levels of fructose, glucose, sucrose, turanose, maltose, trehalose, 
melizitose and rafinose were measured and the total sugar content, the 
fructose + glucose (F + G) sum, the fructose/glucose (F/G) ratio, and the 
glucose/humidity (G/H) ratio were also calculated. The analysis indi
cated that glucose and fructose are the primary sugar components in the 
honey examined. Among the samples, honey D exhibited the highest 
total sugar content at 81.41 g/100 g, whereas honey A contained the 
lowest, measured at 72.02 g/100g.

According to the Codex Alimentarius Commission, 2001, the sucrose 
content in honey should not exceed 5 g/100 g (Codex Alimentarius 
Commission, 2001). In our analysis, honey A was the only sample where 
sucrose was detected, registering a level of 0.59 ± 0.05 g/100 g, which is 
well within Codex standards. Following the Codex Alimentarius Com
mission (2001), the combined sum of fructose and glucose (F + G) in 
honey should not be less than 60 g/100 g. All the honey samples met this 

Table 2 
Physicochemical and nutritional parameters of honey.

Physicochemical 
and Nutritional 
parameters

Honey samples

A B C D E

Colour (mm 
Pfund)

150 ±
0.0a 

(Dark 
amber)

63 ±
1.5b 

(Light 
amber)

57 ±
2.5c 

(Light 
Amber)

31 ± 1d 

(White)
85 ±
1.7e 

(Light 
Amber)

Moisture content 
(%)

14 ± 1a 18 ± 1b 16 ± 1a,b 15 ± 1a, 

b
17 ± 1a,b

Electrical 
conductivity 
(mS.cm¡1)

1.65 ±
0.21a

0.44 ±
0.02b

0.31 ±
0.00b

0.22 ±
0.00b

0.72 ±
0.01c

pH initial 4.348 3.049 3.100 3.200 3.600
Free for pH¼7 

(meqKg¡1)
9.6 ±
0.6a

6.4 ±
0.1b

4.6 ±
0.0c

4.1 ±
0.2c

7.2 ±
0.0d

Free for pH¼8.3 
(meqKg¡1)

13.7 ±
0.5a

8.8 ±
0.1b

6.8 ±
0.2c

6.5 ±
0.5c

9.9 ±
0.2d

Lactonic 
(meqKg¡1)

4.1 ±
1.2a

4.8 ±
0.2a

3.5 ±
0.1a

3.5 ±
0.2a

4.4 ±
0.2a

Total (meqKg¡1) 13.7 11.2 8.1 7.6 11.6
5-HMF (mg.kg¡1) 9.70 ±

0.87a
3.0 ±
0.16b

5.98 ±
0.24c

8.67 ±
0.58a

6.12 ±
0.21c

Diastase index 
(DN)

8.1 ±
0.4a

12.0 ±
1.1b,d

12.6 ±
0.7b

5.6 ±
0.5c

10.7 ±
0.3d

Proline (mg.g¡1) 2.0 ±
0.0a

2.3 ±
0.3a

1.6 ±
0.4a,b

1.2 ±
0.3b

2.2 ±
0.1a

Ash (g/100g) 0.87 ±
0.12a

0.17 ±
0.01b

0.10 ±
0.00b

0.04 ±
0.00b

0.33 ±
0.01c

Protein content 
(g/100g)

0.72 ±
0.03a

0.38 ±
0.02b

0.28 ±
0.05b

0.27 ±
0.01b

0.54 ±
0.07c

Energy (Kcal) 340.5 ±
0.5a

326.9 ±
0.1b

335.6 ±
0.0c

339.8 
± 0.0d

332.3 ±
0.0e

Carbohydrates 
(mg/100g)

84.6 ±
0.1a

81.2 ±
0.0b

83.3 ±
0.0c

84.4 ±
0.0d

82.5 ±
0.0e

Statistical differences between physicochemical and nutritional parameters of 
honey were assessed using ANOVA followed by Tukey’s post-hoc test. In row, 
different letters next to values indicate significant differences at P < 0.05.
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standard, except for honey A, which recorded a value of 58.02 g/100g, 
falling below the required threshold. The fructose/glucose (F/G) ratio is 
a commonly used parameter in numerous studies focusing on bee 
products. In our study, the F/G ratio varied between 1.19 and 1.32. The 
hight content of fructose, as compared with glucose, in honey results in a 
F/G ratio over 1, as our research confirmed.

3.2. HPLC-ESI-QTOF-MS/MS and chemometric approach

The samples were assessed in an untargeted metabolomics analysis, 
to confirm the repeatability and robustness of the injections. The PCA 
analysis revealed some differences between the five analysed honey 
samples in both positive and negative ion mode (Fig. 1). The five honey 
samples were gathered in the centre of the PCA plot, with some 
outstanding points – especially for the A sample – emphasizing the 
occurrence of some statistically significant differences between the 
tested honeys. As presented in the grey brackets of Fig. 1, the three 
components explained 56.38% and 74.77% of variation for the negative 
and positive ion modes, respectively. The recorded fingerprints for 
samples A-E in both ion modes are presented in the Supplementary file 
(Fig. S1).

The observed differences between the samples prompted further 
analysis towards the identification of the different features that 
discriminate the samples. After processing the data, a total of 632 
chemical features were chosen for a succeeding statistical analysis. Next, 
they were transformed logarithmically, transformed by the Mass Profiler 
Professional Program, normalized and compared, leaving a list of 22 
entities out of 463 in the positive ion mode and 24 entities out of 169 in 
the negative ion mode at P < 0.001. The analysis of the responses lead to 
the creation of tables (Table 4 and Table S3) with the list of differenti
ating chemical features for both negative and positive ion mode, that 
were tentatively identified based on their accurate m/z measurements 
(the mass deviation not higher than 10 ppm), MS/MS fragmentation 
pattern, the nitrogen rule, the retention time and in comparison with the 
scientific literature (Chemspider, Metlin). The full list of differentiating 
components is presented in Table S2 in the Supplementary File together 
with the character of the occurring difference compared in pairs of 

samples, in relation to sample A, which stands out from the rest of the 
tested extracts.

The samples investigated in this study were found to contain nar
ingenin, but in varying amounts. Sample D was found to be the richest 
source of naringin (the peak area of 4.6 million), followed by the sam
ples B (1.5 million), C (670,000) and E (440 000). The compound was 
not present in the sample A.

Another marker that was found to demonstrate variation among the 
honey samples was the derivative of glutaric acid, namely the hydrox
ymethylglutaric acid. The molecule was identified in all analysed honey 
samples with different peak areas. Interestingly, the simple organic acids 
were found to be markers for honeydew honey samples in the previously 
published studies of Tischer Seraglio et al. (Seraglio et al., 2021). The 
authors had proved that glutaric, malic, gluconic, lactic and acetic acids 
differentiated the analysed samples regardless from the harvest time.

The presence of picolinic acid in the positive ion mode, which is 
known to express antioxidant, sleep cycle and pain regulatory action 
was detected in the honey samples (Liaqat et al., 2022). Its presence may 
be important for the therapeutic properties of honeys.

Table 4 shows the presence of other discriminating markers, that 
include other flavonoids, decanoic acid derivatives, glycosylated phe
nols and sugars, whose content is different among the analysed samples 
and may be directly related to the conditions where the pollen was 
collected by the bees. Also, the compound that was tentatively identified 
as secogalioside with the molecular formula of C17H24O12 had its input 
into the differentiation of the tested samples; honey sample D was found 
to be a major source of this metabolite, yet in samples B and C no m/z 
signal of 419 was noted. Samples A and D were found to contain the m/z 
of 399 that was recorded in the positive ion spectra that could stand for 
the pantothenic acid glucoside. The presence of the aglycon was previ
ously reported in the scientific literature by Ciulu and co-investigators 
(Ciulu et al., 2011).

3.3. In vitro biological activities of honey

3.3.1. Antioxidant and NO-production activities
The TBARS method was applied to detect lipid oxidation. This assay 

measured malondialdehyde (MDA), a by-product of the endoperoxide of 
unsaturated fatty acids, created as a consequence of lipid substrate 
oxidation. The honey samples were examined at different concentra
tions and the results were conveyed as EC50 values, indicating the con
centrations in mg/mL at which the samples displayed 50% of their 
antioxidant activity (Table 5). Honey sample A exhibited higher anti
oxidant activity with EC50 = 2.0 ± 0.1, followed by honey sample E with 
EC50 = 4.8 ± 0.2. It is important to note that while both samples 
demonstrated antioxidant properties, they did not reach the level of 
antioxidant activity observed in Trolox. This positive control achieved 
the lowest EC50 value and thus the highest activity. In the CAA assay, the 
honey samples didn’t show antioxidant activity at a concentration of 2 
mg/mL. Using the DPPH method, honey sample A exhibited the highest 
antioxidant activity at 29.07% ± 2.00%, followed by honey sample E at 
18.68% ± 2.37% and honey sample B at 14.82% ± 0.72%. This assay 
did not show significant antioxidant activity in Honey samples C and D.

The NO-production inhibition was measured using RAW 264.7 
macrophage cells (Table 5). In comparison to the positive control, 
dexamethasone, honey sample B exhibited the highest capacity to 
inhibit the NO production, with IC50 = 17.86 ± 1.45, followed by honey 
sample C which showed an IC50 = 32.74 ± 2.34. Considering the results 
of NO-production inhibition of the honey, the studies continued with 
different cell lines.

3.3.2. Cell viability
The cytotoxic effect was tested for all honey samples in different 

concentration ranges (0.5%–10%) and for different times (24, 48 and 72 
h) on lung cancer cell line (A549) and normal colon cell line (FHC). For 
all tested honeys, a cytotoxic effect was demonstrated for the A549 line, 

Table 3 
Sugar content of honey samples at the level of g/100g of honey.

Sugars Honey samples

A B C D E

Fructose 32.64 ±
0.77a

40.00 ±
0.77b,c

37.76 ±
1.41b,c

41.81 ±
2.51b

36.95 ±
2.02a,c

Glucose 25.38 ±
0.70a

31.54 ±
0.72b

31.63 ±
1.05b

32.25 ±
2.32b

28.09 ±
0.40a

Sucrose 0.59 ±
0.05

– – – –

Turanose 3.93 ±
0.27a

3.23 ±
0.15a

3.01 ±
0.11a

3.20 ±
0.33a

3.3 ±
0.63a

Maltose 2.37 ±
0.07a

0.82 ±
0.04b

1.00 ±
0.13b,c

1.37 ±
0.16c

1.25 ±
0.28c

Trehalose 2.68 ±
0.12a

1.74 ±
0.17b

1.41 ±
0.06c

1.72 ±
0.08b,c

2.25 ±
0.13d

Melizitose 1.79 ±
0.14a

– 0.24 ±
0.14b

0.66 ±
0.15b,c

1.08 ±
0.28c

Rafinose 2.64 ±
0.23a

0.57 ±
0.19b

– 0.40 ±
0.14b

0.21 ±
0.08b

Total among of 
sugars

72.02 77.90 75.05 81.41 73.13

F þ G 58.02 71.54 69.39 74.06 65.04
F/G 1.29 1.27 1.19 1.30 1.32
G/H 1.81 1.75 1.98 2.15 1.65

Values were presented as mean ± standard deviation. F + G-frutose glucose sum 
of both; F/G – frutose, glucose ratio; G/H – glucose, humidity ratio. Statistical 
differences between sugar content of honey samples were assessed using ANOVA 
followed by Tukey’s post-hoc test. In row, different letters next to values indicate 
significant differences at P < 0.05.
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depending on the concentration and exposure time, however, the 
weakest effect was observed for honey sample B (Fig. 2). In turn, no 
cytotoxic effect was demonstrated for the normal FHC cell line for all the 
tested honeys after 24 h after exposure, with honey samples B and C the 
least active. This percentage increased over time, with the most sensitive 
to the effects of the cells after the treatment of honey for 72 h (Fig. 2).

3.3.3. Anti-inflammatory effect of LPS-induced honeys in an in vitro model
The anti-inflammatory effect was assessed in A549 lung cancer cells 

induced by LPS. After 24 h of LPS induction, there was an increase in the 
expression of cytokines (Fig. 3A and B), specifically IL-6 and IL-1β, at 
both the gene and protein levels.

However, honey samples A, D and E (Fig. 4A and B) exerted a strong 
effect in reducing the levels of these cytokines in LPS-induced A549 
cells, indicating their potential anti-inflammatory properties. In the 
study evaluating the anti-inflammatory activity of honeys induced by 
LPS in an in vitro model, the effects were also investigated in a normal 
colon cell line (FHC cell line). The honey samples exhibited a decrease in 
the level of LPS-induced cytokines in these cells, indicating their po
tential anti-inflammatory properties.

3.3.4. Morphological changes after honey treatment in A549 and FHC cells
Microscopic observations showed morphological changes in A549 

cells depending on the concentration of honey samples (Fig. 5A and B). 
In turn, such changes were not observed for normal FHC cells (normal 
colon cell line), at the concentration of 1 and 5% (Fig. 5 C). The absence 
of morphological changes implies that the application of honey at these 
concentrations did not lead to any discernible modifications in the 
cellular structure or morphology of the typical FHC cells. This discovery 
holds significance, affirming that the honey treatment exhibited no 
detrimental effects on the regular colon cells within the parameters of 
our study.

4. Discussion

This work provides a comprehensive evaluation of various quality 
and physicochemical parameters of Centauri® honey, examining five 
different samples. These assessment factors are crucial for determining 
commercial appeal, consumer acceptance and regulatory compliance. 
Parameters analysed included colour, moisture content, electrical con
ductivity, pH, acidity, 5-HMF content, diastase activity, proline con
centration, ash, protein content and sugar analysis.

Fig. 1. The results of PCA analysis for the five samples of honey in the negative (left) and positive (right) ion mode (P < 0.05) that include (in grey brackets) the 
scores recorded for the three dimensions.
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The colour of honey is a crucial factor for its commercial appeal, 
playing a significant role in determining quality, consumer acceptance 
and preferences (da Silva et al., 2016). According to the Codex Ali
mentarius (2001) honey’s colour should range from nearly colourless to 
dark brown. The colour of the honey samples ranged from nearly col
ourless to dark brown, aligning with the Codex Alimentarius standards 
(Codex Alimentarius Commission, 2001).

Another essential parameter in evaluating honey quality is its 
moisture content, which affects stability and resistance to spoilage. The 
results (14%–18.1%, w/w) fall below the 20% (w/w) limit set by Eu
ropean Union’s Council Directive 2001/110/EC, ensuring the quality 

and safety of honey (Gonçalves et al., 2018; The European Union 
Council Directive 2001/110/EC, 2001). Similar to (Gürbüz et al., 2020; 
Kahraman et al., 2010; Yılmaz & Yavuz, 1999). The difference in 
moisture content of honey is influenced by various factors including the 
level of maturity achieved, harvesting season, and ecological conditions 
(Sajid et al., 2020).

Electrical conductivity, linked to ash content and acidity, serves as a 
key indicator in honey quality control. The electrical conductivity values 
of the five samples comply with the recommended maximum value of 
800.00 mS cm− 1, outlined by the Codex Alimentarius (2001).

The pH determination, while lacking a specific limit set by regulatory 
committees, commonly falls within the range of 3.2–4.5. In our analysis, 
Table 2, all honey samples exhibited acidity. Samples B and C show 
slightly lower pH levels than expected, while honey samples A, D and E 
fall within the anticipated range, emphasizing their adherence to quality 
standards (da Silva et al., 2016; Karabagias et al., 2014).

Free acidity is an important parameter related to honey’s deterio
ration, regulated by the Codex Alimentarius Commission (2001) , wi th a 
maximum permitted value of 50.0 meqKg− 1. The honey samples in this 
study exhibited typical levels of free acidity, range of 7.6–13.7 meq/kg. 
Kahraman et al. consucted a study on Turkish honey, reporting higher 
acidity values ranging from 6.94 to 29.6 meq/kg (Kahraman et al., 
2010). Similarly, Gürbüz et al. tested various types of Turkish honeys 
from different regions, finding mean acidity levels ranging from 12.12 to 
19.25 meq/kg (Gürbüz et al., 2020). This parameter is influenced by 
factors such as organic acids, geographical origin and harvest season 
(Codex Alimentarius Commission, 2001; da Silva et al., 2016).

The 5-Hydroxymethylfurfural (5-HMF) content, a marker of honey 
freshness and potential overheating, adheres to the standards set by the 
Codex Alimentarius Commission’s (2001). According to these guide
lines, 5-HMF content in honey should not exceed 40 mg/kg. In our study, 
the honey samples ranged between 3.0 and 9.70 mg/kg, indicative of 
fresh honey (Codex Alimentarius Commission, 2001; Tornuk et al., 
2013). In contract, studies by Sajid et al., Boussaid et al., and Parviz et al. 
reported higher values ranging from 24.45 to 40.68 mg/kg, 27.43 ±
1.50 mg/kg and 37.31 ± 17.13 mg/kg, respectively (Boussaid et al., 
2018; Parviz et al., 2015; Sajid et al., 2020).

Diastase activity, crucial for indicating aging and exposure to 
elevated temperatures, meets the minimum level of 8 diastase units set 
by Codex Alimentarius and The European Honey Directive for all 

Table 4 
The list of selected differentiating molecular features from the mass chromatograms that were identified as the differentiating ones, with experimental details and 
tentative identification (Ion – ionization mode, error – error of m/z measurement, DBE – double bond equivalent value, MS/MS – registered MS/MS fragments).

Differentiating chemical 
feature

Ion. ± Rt 
[min]

Molecular 
formula

m/z 
experimental

m/z 
theoretical

Error DBE MS/MS Proposed compound

123.0332 [M+H]+ 3.1 C6H5NO2 124.039 124.0393 − 2,34 5 110, 108 Picolinic acid
161.1051 [M + NH4]+ 3.11 C7H12NO3 162.1115 162.1125 6.02 1 149, 120 Hydroxy-isopropylbutanolactone
162.0519 [M-H]- 1.95 C6H10O5 161.0461 161.0455 − 3.41 2 147, 113 Hydroxymethylglutaric acid
176.0476 [M+H]+ 22.39 C10H8O3 177.0554 177.0564 − 4.43 7 149 Herniarin
180.0623 [M-H]- 20.3 C6H12O6 179.0546 179.0561 8.4 1 113, 89, 

71
α-D-Glucose

212.0685 [M+H]+ 17.66 C10H12O5 213.0761 213.0757 − 1.65 5 168, 144 Propyl gallate
272.0681 [M-H]- 20.69 C15H12O5 271.0615 271.0612 − 1.11 10 253, 197 Naringenin
286.1405 [M +

CH3COO]-
15.8 C12H18O4 285.1348 285.1344 − 1.53 4 61, 44 Dimethyldecadien-1,10-dioic acid

378.1877 [M + HCOO]- 15.25 C16H28O7 377.1820 377.1817 − 0.78 3 – Dimethyl-octadiene-diol- 
glucopyranoside

380.2035 [M + HCOO]- 16.08 C16H30O7 379.1978 379.1974 − 1.17 2 334, 316 Rhamnopyranosyl-3- 
hydroxydecanoic acid

388.1176 [M-H]- 4.95 C20H20O8 387.1075 387.1085 2.68 11 342, 264, 
211

Hydroxy-pentamethoxyflavone

388.1231 [M-H]- 3.21 C12H22O11 341.1079 341.1089 3.03 2 – Isomaltulose
398.1906 [M + NH4]+ 1.97 C15H27NO10 399,1982 399.1973 − 2.21 2 – Pantothenic acid glucoside
420.1273 [M-H]- 14.77 C17H24O12 419.1201 420.1278 − 0.48 6 211 Secogalioside
440.0989 [M-H]- 3.01 C19H20O12 439.09 439.0882 − 4.09 10 – Dihydroxyphenyl-1-(galloyl- 

glucopyranoside)
448.1923 [M + HCOO]- 13.1 C19H30O9 447.1833 447.1872 8.67 5 402, 248 Methylepihydroxyjasmonate 

glucoside

Table 5 
Antioxidant activity was tested through TBARS, CAA and DPPH assays. In 
TBARS method, EC50 results are expressed in mg/mL; CAA is expressed in per
centage of oxidation at 2 mg/mL; DPPH assay was expressed in percentage. The 
anti-inflammatory activity was tested using RAW 264.7 macrophages, and the 
results expressed in IC50, μg/mL. Results are expressed as mean ± standard 
deviation.

Samples Antioxidant activity Anti-inflammatory 
activity

TBARS 
(EC50, mg/ 
mL)

CAA (% inhibition 
of oxidation at 2 
mg/mL)

DPPH 
(%)

NO-production 
Inhibition (IC50, μg/ 
mL)

A 2.0 ± 0.1a >2000 29.07 
± 2.00a

62.75 ± 6.03a

B >166.7 >2000 14.82 
± 0.72b

17.86 ± 1.45b

C >166.7 >2000 8.46 ±
2.37c

32.74 ± 2.34c

D >166.7 >2000 7.82 ±
2.23c

63.76 ± 3.30a

E 4.8 ± 0.2b >2000 18.68 
± 2.37b

>400

Positive 
control

0.0058 ±
0.0006

95.3 ± 4.6 96.04 
± 0.57d

6.3 ± 0.4

Positive controls: TBARS- Trolex; CAA and DPPH- Quercetin. Anti- 
inflammatory- Dexamethasone. DPPH - 2,2-diphenyl-1-picrylhydrazyl. Statisti
cal differences honey samples were assessed using ANOVA followed by Tukey’s 
post-hoc test. In collum, different letters next to values indicate significant dif
ferences at P < 0.05.
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Fig. 2. Cell viability determined by MTT assay after stimulation for 24h, 48h and 72h: with honey A in A549 (A), FHC cells (B); with honey B in A549 (C) and FHC 
cells (D); with honey C in A549 (E) and FHC cells (F); after stimulation with honey D in A549 (G) and FHC cells (H); with honey E in A549 (I) and FHC cells (J).
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samples except honey D, which exhibits a lower diastase index, possibly 
associated with extended storage or heat exposure (Bogdanov, 2016; 
Codex Alimentarius Commission, 2001; Fechner et al., 2016).

Proline concentration serves as a valuable indicator for honey 
maturation, with levels below 180 mg kg− 1 raising concerns about pu
rity. In our study, all honey samples meet the minimum threshold, 
indicating their authenticity and quality (Bentabol Manzanares et al., 
2014; Bogdanov et al., 1999; da Silva et al., 2016; Hermosín et al., 
2003).

In turn, the ash content is a quality parameter that evaluates the 
mineral content in honey. It depends on factors such as geographical 
origin, nutritional properties and the methods employed in harvesting 
and beekeeping. Consequently, the ash content is influenced by the soil 
composition where flowers have flourished and the type of nectar 
gathered by bees (Rajindran et al., 2022; Rysha et al., 2022). According 
to the Codex Alimentarius, the ash content for blossom honey should be 
below 0.6 g/100 g, whereas for honeydew honey or a mixture of hon
eydew honey with blossom honey shouldn’t exceed 1.2 g/100 g (Codex 
Alimentarius Commission, 2001). In our study, ash content varied with 
samples B to E displaying typical levels for blossom honey, and sample A 
indicating a possible mix of honeydew and blossom honey due to its 
higher ash content.

The sugar content of the honey samples was analysed according to 
the Codex Alimentarius Commission (2001). Fructose and glucose are 
the primary sugars found in honey. The ratio and composition of these 
sugars in honey are influenced not only by the local plant flora but also 
by geographical conditions and climate factors (Gürbüz et al., 2020). 
The Commission stipulates that the sucrose content in honey should not 
exceed 5 g/100 g. In our analysis, only honey sample A showed 
detectable sucrose, with a level of 0.59 ± 0.05 g/100 g, well within the 
Codex standards. Exceeding this limit would suggest honey adulteration 
(Demir Kanbur et al., 2021). The combined fructose + glucose content in 
the honey samples ranged from 58.02% to 74.54%. Honey sample A 

exhibited a value slight below of 60 g/100 g threshold set by the EU 
directive, whereas the other samples met this standard. Statistically 
significant differences were observed in the sugar content among the 
honey samples. Honey A, sourced from Western Turkey, exhibited the 
lowest levels of fructose and glucose, and was unique in containing su
crose. In contrast, honey D, originating from Eastern Turkey, showed the 
highest levels of fructose and glucose. Gürbüz et al. studied 68 floral 
honey samples from Southeastern Anatolia of Turkey and the results 
showed F + G ranging from 62.55% to 77.25% (Gürbüz et al., 2020).

The in vitro biological activities of honey, which include antioxidant, 
NO-production inhibition, and cell viability, were studied.

The TBARS method was employed to detect lipid oxidation by 
measuring malondialdehyde (MDA), a by-product formed during the 
oxidation of unsaturated fatty acids. Honey samples were tested at 
various concentrations, with results reported as EC50 values. Honey 
sample A exhibited the highest antioxidant activity with an EC50 of 2.0 
± 0.1 mg/mL, followed by honey sample E with an EC50 of 4.8 ± 0.2 
mg/mL. Despite their significant antioxidant properties, neither sample 
matched the activity of the positive control, Trolox, which had the 
lowest EC50 value, indicating the highest antioxidant activity. In the 
CAA assay, honey samples did not exhibit antioxidant activity at a 
concentration of 2 mg/mL.

Using the DPPH method, the antioxidant activity of the honey sam
ples ranged from 8% to 29%. Honey sample A showed the highest 
antioxidant activity at 29.07 ± 2.00 % (honeydew honey), followed by 
honey sample E at 18.68 ± 2.37% (polyfloral honey), and honey sample 
B at 14.82 ± 0.72% (polyfloral honey). Honey samples C and D did not 
demonstrate significant antioxidant activity in this assay. Studies have 
shown a strong correlation between antioxidant capacity and the con
tent of flavonoids and polyphenols, which depend on the botanical 
origin of the honey (Chirsanova et al., 2021; Pătruică et al., 2022; 
Pauliuc et al., 2020). Chirsanova et al. investigated sunflower, rapeseed, 
polyflora, and honeydew honeys, reporting DPPH values ranging from 

Fig. 3. The effect of the tested honeys on the expression of pro-inflammatory cytokines in A549 cells. Expression at the mRNA (A) and protein (B) levels. Data 
presented as mean; *P < 0.05 comparing to control, #P < 0.05 comparing to LPS.

Fig. 4. Evaluation of the effect of selected honeys on mRNA (A) and protein expression of IL-1β and IL-6 in FHC cells. Data presented as mean; *P < 0.05 comparing 
to control, #P < 0.05 comparing to LPS.
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Fig. 5. Morphology of the cells before and after honey stimulation: control picture of A549 and FHC cells (A); FHC cells after stimulation with honey sample A (B); 
FHC with honey sample B (C); FHC and honey sample E (D). A549 cells after stimulation with honey sample A (E); A549 cells with honey sample D (F); and A549 cells 
with honey sample E (G). Magnification x40.
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16.03% for rapeseed honey to 72.03% for honeydew honey (Chirsanova 
et al., 2021). Their analysis of the antioxidant activity of rapeseed, 
sunflower, and polyfloral honeys yielded DPPH values from 55.4% for 
rapeseed honey to 70.7% for polyfloral honey. DPPH values for hon
eydew honey vary by botanical origin and geographical area. Flores 
et al. reported DPPH values of 52.9%–95.6% for Spanish honeydew 
(Flores et al., 2015). Karabagias et al. found antioxidant activity per
centages ranging from 56.8% to 72.4% in Greek honey (Karabagias 
et al., 2014). Vasic et al. reported Croatian honey with antioxidant ac
tivity between 12.2% and 48.89% (Vasić et al., 2019). Mracevic et al. 
showed Serbian honey with antioxidant activity ranging from 75.89% to 
79.1% (Mračević et al., 2020). Pătruică et al. tested Romanian honey, 
finding DPPH values between 41.88% for acacia honey and 79.20% for 
honeydew honey (Pătruică et al., 2022).

NO-production inhibition was measured using RAW 264.7 macro
phage cells. Compared to the positive control, dexamethasone, honey 
sample B exhibited the highest NO-production inhibition, with an IC50 of 
17.86 ± 1.45 μg/mL, followed by honey sample C with an IC50 of 32.74 
± 2.34 μg/mL. Several honeys have been reported as anti-inflammatory 
agents in cell models. Gasparrini et al. investigated the protective effects 
of Manuka honey against E. coli LPS-induced oxidative stress and 
inflammation in murine RAW 264.7 macrophages, concluding that 
Manuka honey serves as a natural agent for preventing oxidative stress 
and inflammation-related diseases. Their study showed that pre- 
treatment with Manuka honey significantly inhibited LPS-induced ROS 
and nitrite accumulation, thus protecting cellular biomolecules. Pro- 
inflammatory cytokines like TNF-α, IL-1β, and IL-6, as well as other 
inflammatory mediators (iNOS), were upregulated following LPS treat
ment, but Manuka honey effectively suppressed these inflammatory 
markers (Gasparrini et al., 2018). Similarly, Silva et al. investigated the 
anti-inflammatory activity of bracatinga (Mimosa scabrella Bentham) 
honeydew honeys at various concentrations. Their study found that 
treatment with samples Bhh 2, 3, 4, and 8 suppressed IL-6 secretion, 
with reductions ranging from 19% for Bhh 2 (at 30 μg/mL) to 35% for 
Bhh 4 (at 30 μg/mL). In contrast, the other honey samples did not inhibit 
IL-6 production by macrophages (Silva et al., 2022).

The final step in our research was to determine, for the first time, the 
LC-MS phytochemical panel and biological activity of the Centauri® 
honeys tested in an in vitro model. The health-promoting properties of 
honeys have been known for a very long time in traditional medicine. 
Numerous studies confirm that honey can have anticancer, antioxidant, 
anti-inflammatory and wound healing effects (El-Senduny et al., 2021; 
Ranneh et al., 2021). This may be due to the fact that they contain 
various secondary metabolites, which include flavonoids, phenolic 
acids, as well as macro- and microelements, including sugars, free amino 
acids, proteins, enzymes, essential minerals and vitamins. Our results 
displayed that all of the Centauri® honeys tested showed a cytotoxic 
effect against the A549 lung cancer line in the tested concentration 
range. Our results are in agreement with Bazaid et al. who showed a 
cytotoxic effect against MCF-7 breast and A549 lung cancer cells with 
IC50 values of 9.05 and 9.37 mg/mL for Manuka honey, respectively 
(Bazaid et al., 2022). Similarly, Amran et al. showed that Tualang honey 
also demonstrated a cytotoxic effect and induced apoptosis in human 
lung adenocarcinoma cells (H23 and A549) (Amran et al., 2020). In 
another study by Siti Norfitrah et al., they revealed that another type of 
honey, Trigona itama honey, also exhibited cytotoxic effects on A549 
lung cancer lines (Salim et al., 2019). We hypothesize that active com
pounds contained in the analysed honeys belonging to different classes 
such as flavonoids, terpenoids, fatty acids or sugars may be responsible 
for this effect.

The situation is similar for the anti-inflammatory effect of Centauri® 
honey in an LPS-induced in vitro model. The results we presented 
showed that the tested honeys exhibited a bidirectional mechanism of 
action, i.e., in LPS-induced A549 lung cancer cells we observed an in
crease in the inflammatory cytokines IL-6 and IL-1β, which can be 
regarded as an induction of apoptosis, while for normal FHC intestinal 

epithelial cells induced with LPS a decrease in these cytokines was 
observed, which may confirm the anti-inflammatory effect, both at gene 
and protein level. Similarly to the cytotoxic effect, they are similar for all 
Centauri® honey samples tested, but a stronger trend can be observed 
for honey A and D in the tested combinations for the normal FHC cell 
line and the cancer A549 cell line. We suggest that this effect may be 
related to the different content of active compounds found in the tested 
honeys. LC-MS analysis showed that honey sample A has less sugars, i.e. 
hexose and maltulose derivatives, compared to other honey samples B-E, 
which may better demonstrate the effects of its other ingredients. In 
turn, honey sample D, compared to A, contained more naringenin, 
secogalioside, dimethyl-octadien-diol-glcopyranoside, dimethyldeca
dien-1,10-dioic acid and dihydroxyphenyl-1-(galloyl-glucopyranoside). 
Naringenin, a flavanone, demonstrates an extensive range of biolog
ical activities, such as anti-inflammatory, antioxidant and skin-healing 
effects. Naringenin was discovered to be present in the study’s sam
ples; nevertheless, it was also discovered that this flavonoid could be 
used to differentiate the tested samples. The presence of naringenin was 
previously confirmed by Kurtagic et al. who underlined that this flavo
noid may be an indicator of honey originality (Kurtagić et al., 2016). In 
the samples from Bosnia and Herzegovina, naringin was found to be a 
leading flavonoid with measured concentration of 41.4 μg/100 g honey.

The hydroxymethylglutaric acid derivative of glutaric acid was 
another marker intended to distinguish between the honey samples. 
Each of the samples that were analysed contained this metabolite, albeit 
with distinct peak areas. Interestingly, the simple organic acids were 
found to be markers for honeydew honey samples in the previously 
published studies of Tischer Seraglio et al. (Seraglio et al., 2021). The 
authors had proved that glutaric, malic, gluconic, lactic and acetic acids 
differentiated the analysed samples regardless of the harvest time.

Badrulhisham et al. showed that at a concentration of 1% Kelulut 
honey significantly inhibited the production of NO in LPS-induced RAW 
264.7 cells compared to control cells (Badrulhisham et al., 2020). In 
turn, Nooh et al. demonstrated an anti-inflammatory effect induced by 
sodium dextran sulfate in honey-treated patients by significantly 
reducing the levels of oxidative, inflammatory and apoptotic markers 
(interleukin-1β and − 6, superoxide dismutase, reduced glutathione, 
tumor necrosis factor-α, NO synthase, caspase-3, CD34, Ki67, S100, c-kit 
and neuron-specific enolase) (Nooh & Nour-Eldien, 2016). In other 
studies, Gasparrini et al. showed that manuka honey inhibited 
LPS-induced ROS and nitrite accumulation, by reducing TNF-α, IL-1β, 
IL-6 and iNOS (Gasparrini et al., 2018). Additionally, Hussein et al. in an 
in vivo model, showed that Gelam honey had anti-inflammatory effects 
by reducing the size of rat paw swelling and inhibiting the production of 
pro-inflammatory mediators NO, PGE2, TNF-α and IL-6 in the plasma, as 
well as inhibiting the expression of iNOS, COX-2, TNF-α and IL -6 in paw 
tissue (Hussein et al., 2012). Our results confirm the anti-inflammatory 
effect of Centauri® honey, which may be a good prognosis for further 
biological tests.

In a recent review by Ayoub et al. focused on the exploitation of 
polyphenolic compounds in honey and their potential in preventing 
chronic diseases. The authors highlighted honey’s health-promoting 
benefits across various systems: it supports respiratory health against 
asthmatic and bacterial infections, protects the duodenal system, and 
safeguards the blood-vascular system by preventing the oxidation of 
low-density lipoproteins. Additionally, honey was noted for its positive 
effects on brain health (Ayoub et al., 2023).

5. Conclusions

This study assesses the quality, physicochemical properties, and 
biological activities of five types of Centauri® honey from Turkey. 
Known for its rich biodiversity and unique geography, Turkey’s robust 
apiculture yields honey with a complex matrix of sugars, enzymes, 
amino acids and other bioactive compounds. The antioxidant capacities 
were determined, revealing that both honey samples A and E exhibited 
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antioxidant activities, with sample A performing better than E, while 
antimicrobial and antifungal assays indicated limited activity. Addi
tionally, cytotoxic effects against the A549 lung cancer line were sig
nificant across all samples, corroborating honey’s potential anticancer 
benefits. Anti-inflammatory effects were also noted, particularly with 
honey samples A and D in an LPS-induced model. Phytochemical anal
ysis via LC-MS highlighted bioactive compounds such as naringenin and 
hydroxymethylglutaric acid, suggesting diverse therapeutic potentials. 
Overall, Centauri® honey meets Codex Alimentarius standards and 
shows promising health benefits, meriting further research for clinical 
applications.
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Pascual-Maté, A., Osés, S. M., Fernández-Muiño, M. A., & Sancho, M. T. (2018). Métodos 
analíticos en mieles. J. Apic. Res., 57(1), 38–74. https://doi.org/10.1080/ 
00218839.2017.1411178
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