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Bee bread (BB) is a natural apicultural product that exerts a broad spectrum of biological activities, including antimicrobial
properties. The identification of novel antiviral agents is of considerable importance in light of the ongoing global impact of viral
pathogens, particularly the influenza A virus (IAV). This study evaluated the antiviral efficacy of eighteen BB aqueous extracts
against IAVHIN1 using Madin-Darby canine kidney (MDCK) cells. The cytotoxicity of the extracts varied significantly, ranging
from 1.33 to 15.97 ul/mL. Real-time PCR analysis revealed a notable decline in a viral RNA copy number after the treatment
with BB extracts, indicating inhibition of viral replication. The half maximal inhibitory concentration (ICs) of extracts ranged from
0.13 to 1.09 uL/mL. Selectivity index (SI) showed significant variability, spanning from 2.13 to 47.68. Furthermore, BB samples
revealed total phenolic content (TPC) ranging from 4.08 to 6.10 mg GAE/g, and total flavonoid content (TFC) between 0.22
and 0.97 mg QE/g. A significant negative correlation was observed between ICso and SI, whereas no significant associations
were found between ICs, or Sl and TPC or TFC indicating that activity profiles of the extracts were independent of phenolic
and flavonoid contents. Ultra-performance liquid chromatography-high-resolution mass spectrometry (UPLC-HRMS) profi-
ling confirmed that bee bread contained a diverse set of bioactive metabolites, including flavonoids, phenolic acids, amino
acids, lipids, and carbohydrate derivatives, supporting its potential as a multifunctional natural product. When combined with
antiviral assays, these compositional insights suggest that the antiviral activity of bee bread likely results from the collective
action of multiple compound classes rather than a single dominant group.
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ABBREVIATIONS

BB, bee bread; CCsy, 50% cytotoxic concentration; GAE, gal-
lic acid equivalent; 1AV, influenza A virus; 1Cso, half maxi-
mal inhibitory concentration; MDCK, Madin-Darby ca-
nine kidney cells; MEM, minimal essential medium; MTT,

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
PBS, phosphate buffer saline; QE, quercetin equivalent; SDS,
sodium dodecyl sulfate; TFC, total flavonoid content; TPC, total
phenolic content; UPLC-HRMS, ultra-performance liquid chro-
matography—high-resolution mass spectrometry.
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INTRODUCTION

Viral infections remain a constant and serious challenge to global
health, playing a major role in both morbidity and mortality
worldwide [Asma et al,, 2022]. Despite considerable progress
in modern medicine, the continuous emergence and re-emer-
gence of viral pathogens, coupled with the ever-present risk
of pandemics, underscore the urgent need for effective antiviral
strategies [Marquez-Bandala et al,, 2025]. Current antiviral thera-
pies, while crucial, often face limitations such as the development
of drug resistance and the potential for adverse side effects [Lam
& Baumgarth, 2019]. This makes the exploration of alternative
and complementary approaches essential, particularly those
derived from natural sources, which may offer improved safety
profiles and novel mechanisms of action.

Throughout history, diverse civilizations have utilized bee
products, including honey, propolis, bee pollen, and bee bread,
for their therapeutic properties, notably in the treatment of in-
fections.This rich history of folk medicine has spurred a growing
scientific interest in the bioactive compounds present in these
bee-derived products and their potential health benefits [Asma
etal, 2022]. Modern research aims to validate these traditional
applications and to identify the specific components responsible
for their observed effects.

Among these bee products, bee bread stands out as a partic-
ularly intriguing product. It is formed through a natural process
within the honeycomb cells, where worker bees collect pollen
from flowers and mix it with honey or nectar and their own sali-
vary secretions [Bakour et al,, 2022]. This mixture then undergoes
fermentation, transforming it into bee bread. The resulting bee
bread boasts a rich nutritional composition, including significant
amounts of proteins, carbohydrates, lipids, amino acids, vitamins,
and minerals [Aylanc et al,, 2023; Ciri¢ et al, 2022]. Furthermore,
bee bread contains a variety of bioactive compounds, such as
polyphenols (mainly flavonoids), and enzymes, which presum-
ably contribute to its therapeutic potential [Mdrgdoan et al,,
2019]. Besides being crucial in bee bread production, the fer-
mentation process may also enhance bee bread bioavailability
and bioactivity compared to bee pollen.

Bee products, including honey, propolis, bee venom or royal
jelly, possess antiviral potential against DNA and RNA viruses.
Their mechanism of action involves decreasing viral load, viral
replication inhibition, reduction of DNA synthesis, or reduced
adhesion to the host cells [Otreba et al, 2025]. Furthermore,
the antiviral effects of bee products, such as honey and propolis,
are primarily attributed to a diverse array of bioactive second-
ary metabolites, specifically phenolic compounds (flavonoids
and phenolic acids), as well as specialized molecules like meth-
ylglyoxal and organic acids [Asma et al, 2022; Otreba et al., 2025].
Although other bee products, like honey and propolis, have been
extensively studied in this context, research on the antiviral po-
tential of bee bread remains relatively limited [Asma et al., 2022].
However, initial in vitro studies have provided evidence that bee
bread may inhibit mammalian viruses, including influenza A
virus [Asoutis Didaras et al,, 2022; Dimitriou et al,, 2023]. These
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initial findings provide a strong rationale for further investigation
of the antiviral activity of bee bread, particularly against clinically
important human pathogens, such as the influenza virus.

The main goal of this research was to explore the antiviral
potential of eighteen bee bread samples derived from Polish
apiaries against influenza A HIN1 virus. Its second aim was
metabolomic analysis of bee bread extracts and an attempt to
identify individual compounds or groups of compounds that
are responsible for this antiviral effect.

MATERIALS AND METHODS

= Chemicals, reagents, and cell cultures

All chemicals and reagents were purchased from commercial
sources. Minimal essential medium supplemented with Earle’s
balanced salts and fetal bovine serum was obtained from Bio-
sera (France). Bradford reagent, phosphate buffer saline (PBS),
sodium dodecyl! sulfate (SDS), 3-(4,5-dimethylthiazol-2-yl)-2,5-
-diphenyltetrazolium bromide (MTT), TPCK trypsin, sodium ni-
trite, aluminum chloride, sodium hydroxide, quercetin, formic
acid, and acetonitrile were bought from Merck (Darmstadt,
Germany). Ethanol and HCl were bought from POCH (Gliwice,
Poland). Syringe filters (0.22 um, Millex) were purchased from
Millipore (Billerica, MA, USA). Ultrapure water (18.0 MQ) was
produced using the Milli-Q Advantage A10 System (Millipore,
Billerica, MA, USA). Madin-Darby canine kidney (MCDK) cells
were obtained from Vircell (Granada, Spain), and the clinical
influenza A HIN1 strain was provided by Dr. Nikolaos Siafak-
as (ATTIKON General University Hospital of Athens, Greece).
M30F2/08 and M264R3/08 primers were obtained from Eurofins
Genomics (Ebersberg, Germany), and FastGene Scriptase Il from
Nippon Genetics (Tokyo, Japan).

= Sample preparation

The investigation of antiviral potential of bee bread included
18 samples (n=18) of dried polyfloral bee bread (BB) pellets
derived from apiaries located in different regions of Poland
(products were collected from 2020 to 2022). Sample identi-
fiers (BB1-BB18) follow the original laboratory coding; num-
bers BB5 and BB12 were not assigned at the collection stage.
All tested BB samples were firstly homogenized in a ceramic
mortar. Extracts were prepared for MTT and antiviral assays
according to the protocol described previously by Dimitriou
et al. [2023]. The BB samples were suspended in a minimum
essential medium (MEM) at a 1:10 ratio (w/w) and incubated
for 1 h at ambient temperature. Afterwards, the mixtures were
centrifuged (10,000xg, 10 min), and supernatants were filtered
through 0.22 um syringe filters. The obtained MEM extracts
were stored at 4°C for further analysis.

For total phenolic content and total flavonoid content (TPC
and TFC, respectively) determination, the BB samples were dis-
solved with MilliQ water in a 1:5 ratio (w/w) and incubated for
2 h on a rotary shaker at ambient temperature and 100 rpm.
Subsequently, suspensions were centrifuged at 10,000 rpm (cor-
responding to approximately 8,400xg) for 10 min and filtered
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using 0.22 um syringe filters. The obtained aqueous BB extracts
were stored at 4°C for further analysis.

= Cell viability assay

Cytotoxicity of the analyzed BB samples against MCDK cells
was determined with the MTT colorimetric method [Asoutis
Didaras et al,, 2022]. The MCDK cells were seeded in the wells
of 96-well plates in MEM supplemented with 2% fetal bovine se-
rum followed by 24 h of incubation at 37°C. Afterwards, the MEM
medium was removed, and 100 L of each BB MEM extract were
added into cells - the final concentrations of BB MEM extracts
inthe wells were in the range from 0.25 to 32 ul/mL. Subsequent-
ly, the Madin-Darby canine kidney (MDCK) cells treated with BB
extracts were incubated for 24 h at 37°C. Then, 20 pyL of an MTT
solution (2.5 mg/mL) were added into each well, and the plates
were incubated for 1 hat 37°C. MTT is converted into crystalline
formazan as a result of the enzymatic reduction of the tetrazoli-
um salt by mitochondrial dehydrogenases, yielding aninsoluble
product that precipitates within metabolically active cells. After
incubation, 100 pL of the MTT solvent (10% SDS and 0.01 M
HCl) were added into wells in order to dissolve the formed for-
mazan crystals. The measurement was taken at 570 nm using
a microplate reader.

= Antiviral activity assay

Antiviral activity of BB againstinfluenza AHTN1 virus was assessed
with the cell culture assay following the protocol published pre-
viously [Dimitriou et al., 2023]. The MDCK cells and the dilutions
of BB MEM extracts, ranging from 0.25 to 32 uL/mL, were pre-
pared as described in the cell viability assay section. The virus
stock of influenza A virus (IAV) in MEM was prepared ina 1:10 ratio
(v/v) with the addition of 1 ug/mL of TPCK trypsin. Afterwards,
the virus stock was mixed with BB MEM extractsin a 1:1 ratio (v/v).
The positive control was virus stock mixed with MEM in a 1:1 ratio
(v/v) and the negative control was just the MEM medium. Sub-
sequently, all the mixtures were incubated for 1 h at 37°C. After
incubation, the medium was removed from 96-well plates con-
taining MCDK cells, and 200 pL of the prepared mixtures (virus
stock with BB extracts, positive and negative control) were added
into the wells. All samples were tested in triplicate. The plates
containing BB extracts and both negative and positive controls
were incubated at 37°C and examined daily for the development
of cytopathic effect (CPE). Afterwards, the plates were stored at
—80°C for further analysis.

RNA extraction was performed to isolate the viral RNA from
infected MDCK cell cultures after exposure to the analyzed ex-
tracts [Dimitriou et al, 2023]. Because influenza A is an RNA virus,
extracting its genome is essential for downstream quantification.
Real-time PCR targeting the M gene of the virus was then used
to measure the remaining viral RNA copies, thereby indicating
how strongly each sample of BB extract inhibited viral replication
ordirectly inactivated the virus. A reverse transcription assay was
performed using an M30F2/08 primer targeting the M gene
segment 5-ATGAGYCTTYTAACCGAGGTCGAAACG-3' (Eurofins
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Genomics) and FastGene Scriptase Il (Nippon Genetics) accord-
ing to the manufacturer’s protocol. The synthesized cDNA was
stored at —80°C for further analysis.

Antiviral activity was determined by comparative real-time
PCR according to protocols provided in earlier works [Asoutis
Didarasetal., 2022; Dimitriou et al., 2023]. The relative concentra-
tion of viral titer in MCDK cells incubated with different concen-
trations of BB extracts compared to the viral titer in the control
sample (MCDK cells incubated with the virus without any supple-
mentation with BB extract) was calculated targeting the M gene
segment M30F2/08 5-ATGAGYCTTYTAACCGAGGTCGAAACG-3/
/M264R3/08 5-TGGACAAANCGTCTACGCTGCAG-3' [Eisfeld et
al, 2014]. The comparative real-time PCR was conducted using
an Eco48 instrument (PCRmax, Staffordshire, United Kingdom)
according to the following protocol: 95°C for 2 min, 40 cycles
of 95°C for 5 s and 60°C for 30 s followed by a melting curve
analysis step. Cycle threshold (Ct) values were used to calculate
the relative concentration as a means of 2°2¢t Controksamele) 5ecord-
ing to EcoStudy (PCRMax).

H Calculation of cytotoxicity concentration, half maximal

inhibitory concentration, and selectivity index
In this study, the MTT assay was used to calculate cytotoxicity
concentration (CCsp) of the analyzed BB extracts against MDCK
cells. CCyp is the concentration of the agent (in this case: BB ex-
tracts) that reduces the uninfected cell viability by 509% [Cavalli
etal, 2012].The absorbance values obtained for each concentra-
tion of BB extracts were normalized to the untreated cell con-
trol. A dose-response curve was generated by plotting sample
concentration against the percentage of viable cells (GraphPad
Prism 10, GraphPad Software, Inc,, La Jolla, CA, USA), and the CCy
value was defined as the concentration that reduced cell viability
to 50% of the control.

For the estimation of the antiviral potential of BB extracts,
the calculation of the half maximal inhibitory concentration (ICs)
was used, and it is a measure of the effectiveness of a compound
in inhibiting biological/biochemical function. [Hendriks, 2010].
The ICso was determined on the basis of quantitative real-time
PCR data. The relative amount of viral RNA in each condition was
calculated in comparison to the positive control. Dose-response
curves were then generated in GraphPad Prism 10 (GraphPad
Software) by plotting sample concentration against the percent-
age reduction in viral RNA levels. The ICsq value was defined as
the concentration of the sample that produced a 50% decrease
in viral RNA quantity relative to the untreated virus control.

The selectivity index (SI), defined as the ratio of cytotoxicity to
antiviral activity [McGaw et al., 2014], was calculated considering
both CCsg and 1Csy.

= Total phenolic content and total flavonoid content
determination

The total phenolic content (TPC) of the BB aqueous extracts

was quantified using the Folin-Ciocalteu method, following

the protocol described previously [Petka et al., 2021] with small
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modifications. Briefly, 50 pL of the Folin—Ciocalteu reagent, dilut-
ed at 1:10 (v/v) with deionized ultrapure water, were combined
with 10 pL of the BB aqueous extract. After 5-min incubation,
40 pL of a 7.5% sodium carbonate solution (Na,COs) were added,
followed by 100 pL of ultrapure water to obtain the final reac-
tion volume of 200 uL. The mixture was incubated for 30 min
at ambient temperature, and, subsequently, absorbance was
measured at 725 nm using a microplate reader (TECAN Spark
10M, Grodig, Austria). The calibration curve was plotted with fresh
gallicacid standard solutions in the range of concentrations from
0to 2.0 mg/mL. The TPC in BB aqueous extracts was expressed
as mg of gallic acid equivalent (GAE) per g of the product. All
measurements were conducted in triplicate.

The total flavonoid content (TFC) was determined using
amodified version of the method reported previously [Gull etal,,
2018]. Briefly, 125 pL of distilled water were dispensed in the wells
of a 96 well-plate and mixed with 25 plL of BB aqueous extracts
and 10 pL of 5% NaNO,. After 5 min of incubation at room
temperature, 15 pL of 10% AICl; were added, and the plate was
incubated 30 min at ambient temperature in the dark. After
incubation, 50 uL of TM NaOH were added. Subsequently, ab-
sorbance was read at 510 nm using a microplate reader (TECAN
Spark 1T0M). TFC was calculated using a quercetin calibration
curve (concentration of quercetin from 0 to 1.0 mg/mL), and re-
sults were expressed as mg of quercetin equivalent (QE) per g
of the product. All measurements were performed in triplicate.

u  Metabolomicanalysis using ultra-performance liquid

chromatography-high-resolution mass spectrometry
Ultra-performance liquid chromatography-high-resolution mass
spectrometry (UPLC-HRMS) analysis enabled the comprehensive
profiling and tentative identification of compounds of diverse
classes in bee bread based on their chromatographic behavior,
accurate precursor ion masses, and characteristic fragmentation
patterns. The gathered tandem mass spectrometry (MS/MS)
data were compared with reference fragmentation patterns,
exact masses, and structural annotations available in the Hu-
man Metabolome Database (HMDB), PubChem, and previously
published literature which provided spectral libraries, reported
MS/MS data, and structural information necessary for tentative
compound identification.

Aqueous extracts were prepared by suspending raw bee
bread material in MilliQ water at a ratio corresponding to 200 mg
of the starting material per mL of the solvent (w/v). The suspen-
sions were vortexed, allowed to extract, and the soluble fraction
was collected after filtration through 0.22 um syringe filters.
The filtrates were subsequently analyzed using the UPLC-HRMS
technique as described in a previous work with small modi-
fications [Litewski et al,, 2024]. A quality control (QC) sample
was prepared by combining equal aliquots of all bee bread
extracts included in the study. The QC mixture was processed
and analyzed in the same manner as the individual samples.
QCinjections were used to monitor UPLC-HRMS system stability,
assess analytical reproducibility, and support data normalization
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during metabolomic analysis. The UltiMate 3000 UHPLC sys-
tem by Thermo Scientific Dionex (Waltham, MA, USA) com-
posed of a quaternary pump, a well plate autosampler, a col-
umn compartment equipped with a 100 A Luna Omega Polar
C18 column (150%2.1 mm, 1.6 um, Phenomenex, Torrance, CA,
USA), and a diode array detector was used. It was coupled with
a high-resolution Thermo Q-ExactiveTM Focus quadrupole-
-Orbitrap mass spectrometer, manufactured by Thermo (Bremen,
Germany). The entire chromatographic system was managed
using Chromeleon 7.2.8 software from Thermo Fisher Scientific
(Waltham, MA, USA).

The chromatographic separation was performed using a mo-
bile phase consisting of (A) water acidified with formic acid
(0.1%, v/v) and (B) acetonitrile acidified with formic acid (0.1%,
v/v). The system operated at a constant flow rate of 0.3 mL/min.
The gradient elution began at 5% solvent B and increased linearly
to 25% B over the first 5 min. It then continued to rise gradually,
reaching 50% B at 18 min, followed by a rapid increase to 80% B
at 19 min.The gradient then progressed to 100% B by the 25 min
and was held constant at this level until 30 min. The initial mobile
phase was run for 7 min to condition the column. The injection
volume of the samples was 4 pL. The analytes were ionized using
heated electrospray ionization (HESI) operated in both positive
and negative ion modes. The sheath, auxiliary, and sweep gas
flow rates were set to 35, 15, and 3 bar, respectively. lonization
was performed with a spray voltage of 2.5 kV, and the S-lens
radio frequency (RF) level was maintained at 50. The capillary
temperature was adjusted to 350°C, while the heater was set
to 300°C. For the full mass spectrometry (MS) scan, the mass
range covered 120 to 1,200 m/z with a resolution of 70,000 full
width at half maximum (FWHM). The automatic gain control
(AGC) target was 2x10°, and the maximum injection time was
100 ms. MS2 parameters included a resolution of 17,500 FWHM,
anisolation window of 3 m/z, a collision energy of 30 eV, an AGC
target of 1x10° and a maximum injection time of 100 ms. Data
processing was performed using Compound Discoverer 3.3
software (Thermo Fisher Scientific) and Freestyle 1.3 software
(Thermo Fisher Scientific). Compound identification was per-
formed using the Compound Discoverer 3.3 workflow, which
included accurate mass matching, isotopic pattern evaluation,
and MS/MS fragmentation pattern comparison against spectral
libraries (mzCloud and ChemSpider). Putative identifications
were assigned based on mass accuracy, retention time behavior,
and fragmentation similarity.

m  Statistical analysis

The presented data are shown as the means and standard devia-
tion (SD) derived from three measurements. The Shapiro-Wilk test
of normality was used to determine data distribution. One-way
ANOVA (a=0.05) was run separately on TPC and TFC to assess
total variance, followed by pairwise comparisons using Tukey's
honestly significant difference (HSD) test. Statistical groupings
were derived using a custom compact letter display approach
based on non-significant Tukey comparisons (p>0.05), assigning
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alphabetical labels in descending mean order. Statistical analysis
of TPC and TFC results was conducted by Python (version 3.13.5,
Python Software Foundation, Wilmington, DE, USA) with stats
model package (version 0.14.5, NumFOCUS, Austin, TX, USA).
A correlation analysis was performed to investigate the associa-
tions among cytotoxicity (CCsp), antiviral activity (ICs), selectivity
index (Sl), and phytochemical parameters (TPC and TFC). Because
the data were not normally distributed, non-parametric Spear-
man rank correlation coefficients (r,) were employed to evaluate
monotonic relationships between the measured parameters.
Corresponding p-values were calculated to determine the statis-
tical significance of each correlation. All analyses were conducted
using two-tailed tests. Statistical analysis of the metabolomics
data was conducted using MetaboAnalyst 6.0 (https://www.
metaboanalyst.ca, accessed on June 11, 2025). Principal com-
ponent analysis (PCA) was performed to assess overall variation
in the data and to visualize clustering patterns among the sam-
ple groups. Differential metabolite analysis between the sam-
ples showing the greatest variation in biological activity was
performed based on a log, fold change (FC)=2. A significance

Table 1. Antiviral profile (CCsg, ICso, and Sl values) of bee bread (BB) aqueous extracts.

threshold of p<0.1 was applied to distinguish differential me-
tabolites from non-significant ones.

RESULTS AND DISCUSSION
u  Antiviral potency of bee bread extracts
The cell viability assay with the use of an MTT dye was performed
to estimate the toxicity level of BB MEM extracts on MCDK cells.
The cytotoxicity was expressed as CCsq and varied from 1.33 to
15.97 ul/mL for all tested samples (Table 1). The least toxic BB
sample was BB20 (15.97 uL./mL) followed by BB3 (11.80 pulL/mL).
The results obtained after comparative real-time PCR re-
vealed a decreasing copy number of IAV HINT after the treat-
ment with the BB MEM extracts. The half minimum inhibitory
concentration (ICs) of the samples that exhibited antiviral activity
was in the range from 0.13 ul/mL (BB13) to 1.09 uL/mL (BB7
and BB15). The ICs, values differed among the tested BB sam-
ples, indicating that the antiviral activity of BB might depend
on the botanical origin and/or the chemical composition of BB.
The calculation of selectivity index (SI) was performed taking
into consideration both CCsoand ICs values. According to Cavalli

BB sample Sample location CCsp (pL/mL) 1Cso (pL/mL) _

Legnica 2221062
BB2 Malbork 5654048
BB3 Bielsko-Biata 11.80+1.12
BB4 Cychry 3244057
BB6 Czaplinek 3.7940.74
BB7 Mielec 3.18£045
BB8 Mielec 6.74£1.79
BB9 ND 7.81+1.78
BB10 Brusy 5.56+1.87
BB11 Czestochowa 52740.99
BB13 Malbork 2.59+0.33
BB14 Suchorzew 3.51£0.57
BB15 Mitogoszcz 2324049
BB16 Mitogoszcz 3.19+1.06
BB17 Majdan Starowiejski 5.58+0.94
BB18 Warka 1.33£0.21
BB19 Modzele 3.09+044
BB20 Gajewo 15.97+1.05

0.15+0.04 1493
0.34+0.14 16.66
0.40£0.16 29.66
0.64+0.22 5.07
1.08+0.76 352
1.09£0.32 293
0.49+0.00 13.67
0.49+0.06 16.05
0.29+0.13 19.52
0.17+0.02 3147
0.13+0.07 2041
0.55+0.32 6.44
1.09£0.82 213
0.29+0.03 1091
0.53+0.01 10.51
0.25+0.01 5.29
031+0.16 9.89
0.34+042 4768

The extracts were tested in triplicate and the results are shown as mean + standard deviation. ND, no data; CCsy, 50% cytotoxic concentration; ICs, 50% inhibitory concentration;

SI, selectivity index.
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Figure 1.Total phenolic and total flavonoid content of bee breads (BB). The results are presented as mean (n=3). Error bars represent standard deviation. Different
lowercase letters above each bar denote significant differences among samples according to Tukey’s honestly significant difference post-hoc test at p<0.05.

GAE, gallic acid equivalent; QE, quercetin equivalent.

etal.[2012], higher Sl values indicate a safer and more effective
sample. The Sl values were between 2.13 and 47.68, thus they
were highly variable (over 20-fold). However, four samples re-
vealed Sl values higher than 20 meaning that the ICsq value was
more than 20 times lower than the corresponding CCs value.
These findings provide evidence supporting the antiviral activ-
ity of BB. Due to the limited number of studies on the antiviral
properties of bee bread, assessing accurately its effectiveness
against influenza remains challenging. Nevertheless, all the Sls
calculated for BB extracts in this study are comparable with
the Sl values obtained for aqueous extracts of BB presented by
Dimitriou et al. [2023]. Antiviral activity of other bee products,
such as honey, propolis or bee venom, has been described well.
These products act through several mechanisms, such as block-
ing viral entry, inhibiting replication, providing direct virucidal
effects, and stimulating the host'simmune response [Asma et al.,
2022]. For honey, ICsovalues ranged from 3.2 mg/mL (Manuka
honey) to 11.3 mg/mL (range honey) with Sl values from 22.9 to
7.1, respectively [Otreba et al, 2025]. Honey demonstrates potent
anti-influenza activity by directly deactivating viral particles be-
fore infection and utilizing bioactive metabolites, like flavonoids
and phenolic acids, to block viral attachment and entry into host
cells [Otreba et al, 2025]. Furthermore, specialized components,
such as methylglyoxal, inhibit the assembly and maturation
of new virions, while the product’s low pH and high osmolality
provide a physicochemical barrier that suppresses viral repli-
cation [Kontogiannis et al,, 2022]. In the case of propolis, this
apicultural product exhibits notable antiviral activity against
influenza A virus, with reported ICs, values ranging from 19.5
to 111.6 pg/mL [Otreba et al., 2025]. Its antiviral mechanism in-
volves the inhibition of viral adsorption and entry into host cells,
coupled with the suppression of intracellular replication through
the downregulation of viral mRNA synthesis. Additionally, spe-
cific secondary metabolites, such as 3,4-dicaffeoylquinic acid,
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conferindirect antiviral protection by modulating host immune
responses, including the upregulation of TRAIL expression to
promote the elimination of infected cells and the enhancement
of protective antibody titers [Asma et al., 2022]. These findings
position bee bread within the broader spectrum of antiviral
bee products, suggesting that its bioactivity may follow similar
mechanistic patterns. Although the potency varies among sam-
ples, the overall antiviral profile of BB aligns with the established
antiviral potential observed for other bee products.

= Total phenolic and total flavonoid contents of bee
breads

Phenolic compounds, including flavonoids, exhibit health-pro-
moting potential, including anti-inflammatory, anti-cancer,
and antimicrobial activities [Stachelska et al., 2025]. Flavonoids
are a group of phenolic compounds that are widely present
in bee products, including bee bread. In this research, TPC of BB
ranged from 4.08 to 6.10 mg GAE/g, and TFC was in the range
from 0.22 to 0.97 mg QE/g (Figure 1). In our previous work, TPC
values varied from 16.88 to 20.18 mg GAE/g; however, it involved
ethanolic extracts of bee bread [Petka et al, 2021]. The study
of Mohammed et al.[2022] proved that 70% ethanol was the best
solvent for the extraction of phenolic compounds. Nevertheless,
despite its lower extraction efficiency, water is non-toxic and,
hence, is considered a safer alternative to ethanol, particularly
in the context of antiviral activity. Concerning the TFC, in the study
of Sawicki et al. [2022], bee bread methanolic extracts contained
approximately 5 mg of QE/mL. What is more, Mayda et al. [2020]
presented data on the total flavonoid content ranging from 1.81
to0 3.74 mg of QE/g BB, depending on botanical origin. Neverthe-
less, TFC of BB can be highly variable, as reported for BB collected
in Romania, which was lower, between 0.45 to 1.86 mg QE/q [llie
etal, 2024].This difference between samples might be attributed
to diverse botanical origin and extraction methods.
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A correlation analysis was performed to further explore po-
tential relationships among cytotoxicity, antiviral activity, selec-
tivity index, and the phytochemical characteristics of the extracts
(TPC and TFCQ), Because the Shapiro-Wilk test indicated that
the variables did not follow a normal distribution, non-parametric
Spearman rank correlation coefficients (r,) were applied. The anal-
ysis revealed a significant negative correlation between 1Cs,
and Sl (re=—0.6636, p=0.0034), as well as ICsy and CCs (r:=0.1806,
p=0.4709), demonstrating that the extracts with stronger anti-
viral potential (lower ICs, values) were associated with higher
selectivity indexes and that the antiviral activity of the extracts
was not driven by cytotoxicity. No statistically significant correla-
tions (p>0.05) were observed between ICsy, or SI and the TPC
or TFC, suggesting that the antiviral and cytotoxic properties
of the extracts were not directly dependent on their phenolic
content within the tested range. Although phenolics are often
highlighted as key contributors to the bioactivity of bee-derived
products, bee bread is known to possess a far more diverse profile
of bioactive compounds. Its fermentation process and mixed
botanical origin generate a complex matrix enriched not only
in phenolics but also in peptides, amino acids, lipids, carbohy-
drates, and various secondary metabolites [Bakour et al,, 2022;
Ciri¢ et al, 2022]. Due to its chemical diversity, it is likely that
the antiviral activity results from the combined or interacting
effects of multiple metabolite classes rather than being driven

Glycerophcspha)ipids
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Fatty acyls

solely by phenolic compounds. Because TPC and TFC obtained
through colorimetric assays offer only broad approximations
of the total phenolic and total flavonoid content, they do not
provide insight into the specific compounds present. Therefore,
a more detailed characterization of the extracts by UPLC-HRMS
was performed.

B Chemical composition of bee bread aqueous extracts
This analytical approach facilitated the annotation of 218 metab-
olites in BB aqueous extracts analyzed in both negative and posi-
tive ionization, that were classified into ten principal categories.
These included 45 flavonoids; 39 amino acids, peptides and ana-
logs; 33 carbohydrates and carbohydrate conjugates; 33 lipids; 22
phenylpropanoids and derivatives; 13 nucleic acid components;
11 organoheterocyclic compounds; 8 alkaloids and their de-
rivatives; 5 carboxylic acids; and 9 other compounds (Figure 2).
Representative total ion chromatograms (TICs) of the pooled QC
sample, acquired in both ionization modes, are shown in Figu-
re 3, illustrating the overall complexity of the analyzed BB ex-
tracts. Detailed annotations, including retention time, formula,
mass error, diagnostic fragment ions and relative abundances,
are summarized in Table S1 in Supplementary Materials.
Flavonoid glycosides, particularly derivatives of kaempferol,
quercetin, isorhamnetin, and myricetin, were the most prevalent
in bee bread (Figure 2, Table S1), which is consistent with
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Figure 2. A sunburst plot showing the classification of the bee bread metabolites tentatively identified by ultra-performance liquid chromatography-high-
-resolution mass spectrometry (UPLC-HRMS) analysis. Refer to Table S1 in Supplementary Materials for the full information on the metabolites shown in this plot.
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Figure 3. Total ion chromatograms (TICs) of the pooled quality control (QC) sample of bee bread extracts acquired in a negative ion mode (A) and a positive
ion mode (B). For peak identities, see Table S1 in Supplementary Materials.

findings reported by Bakour et al. [2019]. Their identification been reported in bee products, are increasingly recognized for
was based on aglycone [M—H]" ions (m/z 285.04,301.03,315.05, their antioxidant and anti-inflammatory potential [Qiao et al,,
and 317.02, respectively) and diagnostic neutral losses of sug- 2023; Zhang et al., 2025].

ar moieties. Kaempferol was identified as the most abundant Another major group of metabolites identified in bee bread
flavonoid in the majority of the analyzed bee bread extracts consisted of amino acids, peptides, and theiranalogues (Figure 2,
and was highlighted by llie et al. [2024], together with quercetin Table S1). During fermentation, pollen proteins undergo enzy-
and caffeic acid, as one of the key contributors to the antimi- matic and microbial transformation into more bioavailable forms,
crobial activity of bee bread. Phenylpropanoids and derivatives resulting in elevated levels of free amino acids and short peptides.
identified in bee bread comprised simple phenolic acids, their Specific amino acids, such as tryptophan and arginine, have been
glycosylated derivatives, and various polyamine conjugates. Caf- proposed as indicators of the botanical origin of the pollen, while
feic, p-coumaric, ferulic, vanillic, protocatechuic, gentisic, salicylic, the overall amino acid profile can offer insights into the geo-
and 4-hydroxybenzoic acids were annotated from their [M—H]~ graphical origin of bee bread [Bakour et al, 2022]. In the analyzed
ions and typical decarboxylation and demethylation fragments, bee bread extracts, the most intense signals corresponded to
while glycosylated forms showed neutral loss of hexose units. N-(1-deoxy-1-fructosyl) derivatives — Amadori rearrangement
Polyamine conjugates bearing caffeoyl, feruloyl, or coumaroyl products (ARPs) — which are key intermediates formed during
residues produced fragment ions corresponding to putrescine the early stages of the Maillard reaction. Although ARPs are rarely
or spermidine backbones. These phenolamides, which have found in nature without thermal processing, they are commonly
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detected in bee products. In honey, for example, their levels have
been reported to gradually increase during storage [Yan et al,
2023]. Several free amino acids were annotated based on the typ-
ical neutral losses (e.g., H,O, NH;, COOH), ammonium ions, or
side-chain-specific fragment ions. The most intense signals were
observed for isoleucine and phenylalanine, both being essential
amino acids, which is consistent with previous reports indicating
that essential amino acids constitute a major part of the bee bread
amino acid pool [Urcanetal, 2021].

Lipids identified in bee bread included glycerophospholip-
ids, sphingolipids, fatty acid derivatives, and acylcarnitines (Fig-
ure 2, Table S1). Sphinganine, sphingosine, phytosphingosine,
and ceramides with varying acyl chain lengths were detected,
suggesting active lipid remodeling and potential microbial or
enzymatic transformations during pollen fermentation. Glyc-
erophosphocholine, a common phospholipid in bee products
and previously reported in bee bread [Darwish et al., 2022],
was confirmed by the diagnostic phosphocholine fragment
jon at m/z 184.07, while glycerophosphoinositol and related
phospholipids were identified from characteristic headgroup
and fatty acyl ions. Linoleic acid, one of the major fatty acids
in bee bread [Kaplan et al, 2016], together with its hydroxy-
and hydroperoxy-derivatives (e.g., 9,10-DiIHODE, 15,16-DiHODE,
9-HPODE), reflected both the high polyunsaturated fatty acid
content and oxidative/enzymatic transformations occurring
during fermentation and storage. These lipid species are nutri-
tionally relevant and may contribute to the anti-inflammatory
and cardioprotective potential attributed to bee bread [Bak-
our et al, 2022]. Carbohydrates represent another major class
of metabolites in bee bread, including simple sugars, sugar
alcohols, sugar acids, and numerous phosphorylated saccha-
rides (Figure 2, Table S1). Phosphorylated derivatives, such

A Negative mode

as mannose phosphate, glucose 1-phosphate, and bisphos-
phorylated hexoses (p-glucose 2,6-bisphosphate, p-fructose
2,6-bisphosphate), were identified from sequential phosphate
losses and diagnostic phosphate fragments, reflecting active
carbohydrate metabolism in the bee bread matrix.

Gluconic acid, a product of glucose oxidation by glucose ox-
idase and a representative of the sugar acids class, was the most
abundant compound detected across all analyzed bee bread ex-
tracts (Table S1), which is consistent with findings from previous
reports on bee products [Aksoy et al., 2024]. Its predominance is
biologically relevant, asitis a primary contributor to the acidic pH
of bee bread, which plays a key role in its antimicrobial and pre-
servative properties through direct pH reduction and synergistic
interactions with hydrogen peroxide and phenolic compounds
[Celiketal, 2022]. Several other sugar acids, including arabinonic,
galactaric, glucuronic, and tartaric acids, were also annotated.
Low-molecular-weight organic acids, such as malic, quinic, isoc-
itric, and citric acids, commonly reported in bee products, were
detected alongside methylsuccinic acid, a methylated derivative
of succinic acid not previously described in bee bread. In contrast,
acetic, lactic, succinic, and oxalic acids were not detected, due
to the mass cutoff of 120 Da applied in the analytical method,
rather than their actual absence in the bee bread matrix. Notably,
the organic acid profile of bee products remains understudied
despite its potential as a quality and authenticity marker [Aksoy
etal,2024; Celik et al,, 2022].

u Metabolomic analysis of bee bread extracts

Principal component analysis was used to visualize the varia-
tion in metabolomic profiles between the studied bee bread
samples (Figure 4). In the negative mode, the first principal
component (PC1) explained 18.1% of the total variance, while
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Figure 4. Results of principal component analysis (PCA) of the bee bread (BB) metabolomic data gathered from ultra-performance liquid chromatography-high-
-resolution mass spectrometry (UPLC-HRMS) analysis in a negative (A) and a positive ionization mode (B). QC, quality control sample.
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Figure 5.Volcano plots combining the results of fold change (FC) analysis and t-tests comparing metabolomic profiles of two bee bread samples with the highest
(BB20, red dots) and lowest (BB15, dark blue dots) antiviral activity determined as the selectivity index.

the second component (PC2) accounted for 14.7% of the total
variance. In the positive mode, PC1 and PC2 explained 17.1%
and 11.9% of the total variance, respectively. In both modes,
the QC sample was clustered tightly near the center of the plot,
indicating good reproducibility of the measurements and overall
analytical stability of the UPLC-HRMS system.The sample located

224

furthest to the left on both the negative and positive mode
PCA (BB20) was most distinct from all other samples in terms
of its overall metabolomic profile. This pronounced separation
suggests that BB20 possesses unique metabolic characteristics,
encouraging further investigation into the factors contributing
to its divergence from the other samples. Other groups also
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formed well-defined clusters, but were positioned closer to
the center, which suggests that their profiles are more similar to
the overall dataset average. The limited overlap between clusters
highlights that PCA effectively distinguishes the metabolomic
profiles of the groups of compounds. This separation implies
that the underlying metabolic differences between groups are
substantial enough to be captured by the first two principal
components.

While PCA provides an overview of the separation between
sample groups based on their overall metabolomic profiles,
volcano plots were used to identify specific features that are
significantly different between the most contrasting samples —
BB20 (red dots), being the most active against 1AV, and BB15 (dark
blue dots), being the least active (Figure 5). The upper extremes
of the plot (both left and right) emphasize data points that
exhibit substantial fold changes along with a strong statistical
significance, marking them prime subjects for further analysis.
In the negative ionization mode, out of 1,846 detected features,
632 showed a significant decrease and 386 showed a significant
increase in BB20 compared to BB15. In turn, 1,920 features were
detected in the positive ionization mode, with 567 showing sig-
nificantly decreased abundance and 427 significantly increased
abundance in BB20.

In the negative ionization mode, the compound that
deviated the most from other compounds in BB20 sample
(log,(FC)>8) was quercetin 3-O-diglucosyl-N-acetylglucoside
(Table S1, Figure 5). Quercetin and its derivatives are recog-
nized for their antiviral efficacy against a wide array of viruses,
including major respiratory pathogens such as influenza A virus,
respiratory syncytial virus (RSV), rhinovirus (RV), and SARS-CoV-2
[Manjunath & Thimmulappa, 2022]. Their antiviral mechanism
primarily involves interference with the viral entry by altering
virion surface proteins. Consequently, quercetin may be used as
a preventive agent or be used in combination with other phar-
macological agents to enhance antiviral activity, potentially
reducing toxicity and side effects of co-administrated agents [Di
Petrillo et al., 2022]. Besides this compound, luteolin, isorham-
netin, kaempferol derivatives, and other quercetin-related flavo-
noids were also detected in the BB20 sample. These flavonoids
exhibit a broad spectrum of biological activities, encompassing
antiviral potential against many groups of viruses, such as in-
fluenza A virus [Dong et al., 2014; Ninfali et al., 2020; Yan et al.,
2019]. Importantly, the synergistic effects of flavonoid mixtures
may enhance their antiviral efficacy, underscoring the need
for further investigation into their comprehensive qualitative
and quantitative profiles [Ninfali et al,, 2020]. On the other hand,
in the BB15 sample, in both positive and negative ionization
we found outliers belonging to the group of flavonoids, such
as kaempferol, isorhamnetin, narcissin, and their derivatives.
Despite the presence of flavonoids with established antiviral
activity [Badshah et al., 2021], this particular sample exhibited
the weakest antiviral effect in the comparative analysis. This
discrepancy may be attributed to several factors, including
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a low content of active flavonoids, limited bioavailability, or
antagonistic interactions with other matrix components that
may suppress antiviral efficacy.

Furthermore, lactoyl amino acids, such as N-lactoyl-methi-
onine and N-lactoyl-leucine, were identified in the BB20 sample
(Table S1). Lactoylamino acids, derived from amino acids, might
indirectly affect immune responses by influencing amino acid
metabolism [Naja et al,, 2025]. However, there is no evidence
for their direct antiviral potential. In the study conducted by
Dimitriou et al. [2023], proteinaceous fractions isolated from bee
bread demonstrated substantial antiviral activity against IAV.
Although the detailed chemical composition of these fractions
was not characterized, the reported high selectivity indexes
imply the presence of bioactive compounds beyond commonly
characterized flavonoids or phenolic acids. Our UPLC-HRMS
analysis further revealed the presence of amino acids and related
derivatives, potentially originating from peptide-based structures
that remained unidentified due to their complex fragmentation
patterns. The occurrence of such peptides and proteinaceous
compounds may be attributed to the metabolic activity of mi-
crobial communities related to bee bread, such as lactic acid
bacteria [Asoutis Didaras et al., 2024]. These bioactive peptides
and proteins are hypothesized to contribute to the antiviral
efficacy observed. Accordingly, comprehensive proteomic pro-
filing of bee bread extracts may help explain the functional
contribution of peptide-derived components in their therapeutic
applications.

Surprisingly, analysis in the positive ionization mode revealed
a considerable presence of organoheterocyclic compounds
(Table S1). Among them, raphanusamide - a naturally occur-
ring metabolite in Raphanus sativus L. (radish) — is associated
with the plant’s phototrophic response [Chen et al,, 2023]. Other
alkaloids were identified as well, including palaudine, S-reticuline,
salsolinol, protopine, and venoterpine, that were earlier found
in many plants belonging to Loganiaceae, Papaveraceae Juss.,
and Cornaceae families [Deng et al, 2021; Jafaar et al,, 2021].
While alkaloids are known to exhibit diverse biological proper-
ties, i.e, they possess antioxidant and anti-inflammatory activity
and the ability to inhibit DNA and RNA synthesis, determin-
ing a viral replication blockage [Ponticelli et al,, 2023], the data
regarding antiviral activity of particular alkaloids found in our
study remain limited. Hence, future research could exploit their
presence and concentration in order to determine the botani-
cal origin of BB.

On the other hand, in the BB15 sample, the compounds that
deviated the most from other compounds (log,(FC)<-7) were
lipid derivatives, such as polyhydroxy fatty acids (9,10,13-tri-
hydroxystearic acid, 9,10,12,13-tetrahydroxyoctadecanoic acid
(sativic acid)), oxylipins (DIHODEs, 9-HOTrE), and lactobionic
acid (Table S1, Figure 5). Despite exhibiting diverse biological
functions [Harlina et al., 2024; Olajide & Cao, 2022], these bioac-
tive lipid derivatives have not been evaluated for their antiviral
potential.



Pol. J. Food Nutr. Sci,, 2026, 76(2), 215-227

Interestingly, in the positive ionization mode, lysophosphati-
dylcholine (LysoPC, 18:3/0:0) (Table S1, Figure 5) appeared as
the most pronounced outlier in BB15. It has been implicated
in enhancing influenza A virus replication by modulating the host
cellular environment through MAPK, JNK, and PI3K/AKT signaling
pathways [Cha et al., 2024]. Thus, its presence may be particularly
significant in the context of lower antiviral potential of bee bread.

Nevertheless, the results obtained underscore the complex-
ity of natural matrices, where both pro- and antiviral agents can
be present simultaneously. As a result, it seems essential to assess
the overall biological impact of the entire metabolite profile,
rather than focusing solely on individual components, since
their combined interactions may influence the final bioactivity.

CONCLUSIONS

This study demonstrates that aqueous extracts of bee bread pos-
sess notable antiviral activity against influenza A virus (HIN1),
where 11 out of the 18 studied samples showed selective antiviral
action (SI>10). The observed antiviral effects were likely influenced
by the complex chemical composition of bee bread, which in-
cludes a diverse array of flavonoids, phenolic acids, amino acids,
lipids, and carbohydrate derivatives. Metabolomic profiling via
UPLC-HRMS revealed 218 distinct compounds, with flavonoids
representing the most abundant (45 compounds; 20.6% of all
annotated features) and structurally diverse class, dominated by
flavonol glycosides. Flavonoids showed the greatest inter-sam-
ple variability in relative abundance among all chemical classes
(4.2-13.3% of total peak area), with kaempferol and quercetin
derivatives collectively accounting for over 60% of total flavonoid
peak area, suggesting their key role in the observed variation
of antiviral activity across samples. Notably, quercetin derivatives
and other flavonoids with known antiviral properties were found
in the most active samples. Additionally, 39 amino acid-related
compounds (17.9% of total annotated features) and the presence
of unidentified high-mass compounds suggest the potential in-
volvement of bioactive peptides, possibly originating from micro-
bial fermentation processes. These findings support the hypothesis
that both phenolic and proteinaceous compounds contribute to
the antiviral efficacy of bee bread. Further proteomic investigations
are, however, needed to elucidate the identity and functional role
of peptide-based compounds. Overall, bee bread emerges as
a promising functional food supporting viral infection treatment,
meriting continued exploration for therapeutic applications.

RESEARCH FUNDING
The research was funded by grant UMO-2022/45/N/NZ9/02710
financed by National Science Centre (Poland).

CONFLICT OF INTERESTS
There is no conflict of interest, according to the authors.

SUPPLEMENTARY MATERIALS
Thefollowing are available online at https://journal.pan.olsztyn.
pl/Metabolomic-Insights-into-Bee-Bread-Antiviral-Activity-

Against-Influenza-A-Virus,221951,0,2.html; Table S1. Chemi-
cal composition of bee bread samples after UPLC-MS/MS analysis.

ORCID IDs
T.G. Dimitriou
B. Kusznierewicz

https://orcid.org/0000-0001-5413-3069
https://orcid.org/0000-0001-8138-3872
K. Matejczuk https://orcid.org/0000-0003-2523-8165
D. Mossialos https://orcid.org/0000-0003-3753-4287
M. Mréz https://orcid.org/0000-0003-2791-3363
P.Szweda https://orcid.org/0000-0001-8291-5148

REFERENCES

1. Aksoy, A, Altunatmaz, S.S., Aksu, F, Tokatli Demirok, N, Yazici, K., Yikmis, S.
(2024). Bee bread as a functional product: Phenolic compounds, amino acid,
sugar, and organic acid profiles. Foods, 13(5), art. no. 795.
https://doi.org/10.3390/foods13050795

2. Asma, S.T, Bobis, O, Bonta, V., Acaroz, U, Shah, SRA, Istanbullugil, FR., Ar-
slan-Acaroz, D. (2022). General nutritional profile of bee products and their
potential antiviral properties against mammalian viruses. Nutrients, 14(17),
art.no. 3579.
https://doi.org/10.3390/nu14173579

3. Asoutis Didaras, N, Dimitriou, T, Daskou, M., Karatasou, K., Mossialos, D. (2022).
In vitro assessment of the antiviral activity of Greek bee bread and bee col-
lected pollen against Enterovirus Dé8. Journal of Microbiology, Biotechnology
and Food Sciences, 11(4), art. no. e4859.
https://doi.org/10.55251/jmbfs.4859

4. Asoutis Didaras, N., Karaiskou, I, Nikolaidis, M., Siaperopoulou, C., Georgj, I.,
Tsadila, C, Karatasou, K., Amoutzias, G.D., Mossialos, D. (2024). Contribution
of microbiota to bioactivity exerted by bee bread. Pharmaceuticals, 17(6),
art.no. 761.
https://doi.org/10.3390/ph17060761

5. Aylanc, V, Falcdo, S.l, Vilas-Boas, M. (2023). Bee pollen and bee bread nu-
tritional potential: Chemical composition and macronutrient digestibility
under in vitro gastrointestinal system. Food Chemistry, 413, art. no. 135597.
https://doi.org/10.1016/j.foodchem.2023.135597

6. Badshah,S.L, Faisal, S, Muhammad, A, Poulson, B.G, Emwas, AH. Jaremko, M.
(2021). Antiviral activities of flavonoids. Biomedicine & Pharmacotherapy, 140,
art.no. 111596.
https://doi.org/10.1016/j.biopha.2021.111596

7. Bakour, M, Fernandes, A, Barros, L., Sokovic, M, Ferreira, .CFR, Lyoussi, B.
(2019). Bee bread as a functional product: Chemical composition and bioac-
tive properties. LWT - Food Science and Technology, 109, 276-282.
https://doi.org/10.1016/j.Iwt.2019.02.008

8. Bakour, M., Laaroussi, H., Ousaaid, D., El Ghouizi, A, Es-Safi, |, Mechchate, H.,
Lyoussi, B. (2022). Bee bread as a promising source of bioactive molecules
and functional properties: An up-to-date review. Antibiotics, 11(2),art. no. 203.
https://doi.org/10.3390/antibiotics11020203

9. Cavalli, R, Donalisio, M., Bisazza, A, Civra, A, Ranucci, E., Ferruti, P, Lembo, D.
(2012). Enhanced antiviral activity of acyclovir loaded into nanoparticles.
Methods in Enzymology, 509, pp. 1-19.
https://doi.org/10.1016/B978-0-12-391858-1.00001-0

10.  Celik, S, Gergek, Y.C, Ozkdk, A, Ecem Bayram, N. (2022). Organic acids and their
derivatives: minor components of bee pollen, bee bread, royal jelly and bee
venom. European Food Research and Technology, 248(12), 3037-3057.
https://doi.org/10.1007/s00217-022-04110-y

11. Cha, M-H., Choi, H-J, Ma, J-Y. (2024). Lysophosphatidylcholines promote
influenza virus reproduction through the MAPK/JNK pathway in PMA-dif-
ferentiated THP-1 macrophages. International Journal of Molecular Sciences,
25(12), art. no. 6538.
https://doi.org/10.3390/ijms25126538

12. Chen,C,Kim,RH., Hwang, KT, Kim, J. (2023). Chemical compounds and bio-
activities of the extracts from radish (Raphanus sativus) sprouts exposed to
red and blue light-emitting diodes during cultivation. European Food Research
and Technology, 249(6), 1551-1562.
https://doi.org/10.1007/s00217-023-04235-8

13, Ciri¢, J, Haneklaus, N, Raji¢, S, Balti¢, T, Lazi¢, 1.8, Dordevi¢, V. (2022). Chemical
composition of bee bread (perga), a functional food: A review. Journal of Trace
Elements and Minerals, 2, art. no. 100038.
https://doi.org/10.1016/j.jtemin.2022.100038

14, Darwish, A, Abd El-Wahed, A, Shehata, M., El-Seedi, H., Masry, S., Khalifa, S.,
Mahfouz, H., EI-Sohaimy, S. (2022). Chemical profiling and nutritional eval-
uation of bee pollen, bee bread, and royal jelly and their role in functional
fermented dairy products. Molecules, 28(1), art. no. 227.
https://doi.org/10.3390/molecules28010227


https://journal.pan.olsztyn.pl/Metabolomic-Insights-into-Bee-Bread-Antiviral-Activity-Against-Influenza-A-Virus,221951,0,2.html
https://journal.pan.olsztyn.pl/Metabolomic-Insights-into-Bee-Bread-Antiviral-Activity-Against-Influenza-A-Virus,221951,0,2.html
https://journal.pan.olsztyn.pl/Metabolomic-Insights-into-Bee-Bread-Antiviral-Activity-Against-Influenza-A-Virus,221951,0,2.html
https://orcid.org/0000-0001-5413-3069
https://orcid.org/0000-0001-8138-3872
https://orcid.org/0000-0003-2523-8165
https://orcid.org/0000-0003-3753-4287
https://orcid.org/0000-0003-2791-3363
https://orcid.org/0000-0001-8291-5148
https://doi.org/10.3390/foods13050795
https://doi.org/10.3390/foods13050795
https://doi.org/10.3390/nu14173579
https://doi.org/10.3390/nu14173579
https://doi.org/10.55251/jmbfs.4859
https://doi.org/10.55251/jmbfs.4859
https://doi.org/10.3390/ph17060761
https://doi.org/10.3390/ph17060761
https://doi.org/10.1016/j.foodchem.2023.135597
https://doi.org/10.1016/j.foodchem.2023.135597
https://doi.org/10.1016/j.biopha.2021.111596
https://doi.org/10.1016/j.biopha.2021.111596
https://doi.org/10.1016/j.lwt.2019.02.008
https://doi.org/10.1016/j.lwt.2019.02.008
https://doi.org/10.3390/antibiotics11020203
https://doi.org/10.3390/antibiotics11020203
https://doi.org/10.1016/B978-0-12-391858-1.00001-0
https://doi.org/10.1016/B978-0-12-391858-1.00001-0
https://doi.org/10.1007/s00217-022-04110-y
https://doi.org/10.1007/s00217-022-04110-y
https://doi.org/10.3390/ijms25126538
https://doi.org/10.3390/ijms25126538
https://doi.org/10.1007/s00217-023-04235-8
https://doi.org/10.1007/s00217-023-04235-8
https://doi.org/10.1016/j.jtemin.2022.100038
https://doi.org/10.1016/j.jtemin.2022.100038
https://doi.org/10.3390/molecules28010227
https://doi.org/10.3390/molecules28010227

K. Matejczuk et al.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Deng, A-P, Zhang, Y, Zhou, L, Kang, C-Z, Lv, C-G, Kang, L-P, Nan, T-G,,
Zhan, Z-L.,, Guo, L-P, Huang, L.-Q. (2021). Systematic review of the alkaloid
constituents in several important medicinal plants of the Genus Corydalis.
Phytochemistry, 183, art. no. 112644.
https://doi.org/10.1016/j.phytochem.2020.112644

Dimitriou, TG, Asoutis Didaras, N., Barda, C., Skopeliti, D., Kontogianni, K.,
Karatasou, K, Skaltsa, H., Mossialos, D. (2023). Antiviral activity of beebread,
bee-collected pollen and artificially fermented pollen against influenza A
virus. Foods, 12(10), art. no. 1978.
https://doi.org/10.3390/foods12101978

Di Petrillo, A, Orrt, G, Fais, A, Fantini, M. C. (2022). Quercetin and its derivates
as antiviral potentials: A comprehensive review. Phytotherapy Research,
36(1), 266-278.

https://doi.org/10.1002/ptr.7309

Dong, W, Wei, X, Zhang, F, Hao, J, Huang, L, Zhang, C, Liang, W. (2014). A dual
character of flavonoids in influenza A virus replication and spread through
modulating cell-autonomous immunity by MAPK signaling pathways. Sci-
entific Reports, 4, art. no. 7237.

https://doi.org/10.1038/srep07237

Eisfeld, A.J, Neumann, G., Kawaoka, Y. (2014). Influenza A virus isolation,
culture and identification. Nature Protocols, 9(11), 2663-2681.
https://doi.org/10.1038/nprot.2014.180

Gull, T, Sultana, B, Anwar, F, Nouman, W, Mehmood, T, Sher, M. (2018).
Characterization of phenolics in different parts of selected Capparis species
harvested in low and high rainfall season. Journal of Food Measurement
and Characterization, 12(3), 1539-1547.
https://doi.org/10.1007/511694-018-9769-5

Harlina, PW., Maritha, V., Yang, X., Dixon, R, Muchtaridi, M., Shahzad, R,
Nur'lsma, E.A. (2024). Exploring oxylipins in processed foods: Understanding
mechanisms, analytical perspectives, and enhancing quality with lipidomics.
Heliyon, 10(16), art. no. e35917.
https://doi.org/10.1016/j.heliyon.2024.e35917

Hendriks, B.S. (2010). Functional pathway pharmacology: chemical tools,
pathway knowledge and mechanistic model-based interpretation of exper-
imental data. Current Opinion in Chemical Biology, 14(4), 489-497.
https://doi.org/10.1016/j.cbpa.2010.06.167

llie, Cl,, Spoiala, A, Geana, E.I, Chircov, C, Ficai, A, Ditu, LM, Oprea, E. (2024).
Bee bread: A promising source of bioactive compounds with antioxidant
properties — First report on some antimicrobial features. Antioxidants, 13(3),
art.no. 353.

https://doi.org/10.3390/antiox13030353

Jafaar, H.J, Isbilen, O, Volkan, E,, Sariyar, G. (2021). Alkaloid profiling and anti-
microbial activities of Papaver glaucum and P. decaisnei. BMC Research Notes,
14(1), art. no. 348.

https://doi.org/10.1186/5s13104-021-05762-x

Kaplan, M., Karaoglu, O, Eroglu, N, Silici, S. (2016). Fatty acids and proximate
composition of beebread. Food Technology and Biotechnology, 54(4).
https://doi.org/10.17113/ftb.54.04.16.4635

Kontogiannis, T., Dimitriou, T.G,, Didaras, N.A,, Mossialos, D. (2022). Antiviral
activity of bee products. Current Pharmaceutical Design, 28(35), 2867-2878.
https://doi.org/10.2174/1381612828666220928110103

Lam, JH. Baumgarth, N.(2019). The multifaceted B cell response to influenza
virus. The Journal of Immunology, 202(2), 351-359.
https://doi.org/10.4049/jimmunol.1801208

Litewski, S., Koss-Mikotajczyk, I, Kusznierewicz, B. (2024). Comparative analysis
of phytochemical profiles and selected biological activities of various mor-
phological parts of Ligustrum vulgare. Molecules, 29(2), art. no. 399.
https://doi.org/10.3390/molecules29020399

Manjunath, S.H., Thimmulappa, RK. (2022). Antiviral, immunomodulatory,
and anticoagulant effects of quercetin and its derivatives: Potential role
in prevention and management of COVID-19. Journal of Pharmaceutical
Analysis, 12(1), 29-34.

https://doi.org/10.1016/j.jpha.2021.09.009

Margdoan, R, Strant, M., Varadi, A, Topal, E., Yiicel, B, Cornea-Cipcigan, M.,
Campos, M.G., Vodnar, D.C. (2019). Bee collected pollen and bee bread:
Bioactive constituents and health benefits. Antioxidants, 8(12), art. no. 568.
https://doi.org/10.3390/antiox8120568

Marquez-Bandala, AH., Gutierrez-Xicotencatl, L., Esquivel-Guadarrama, F.
(2025). Pathogenesis induced by influenza virus infection: Role of the early
events of the infection and the innate immune response. Viruses, 17(5), art.
no. 694.

https://doi.org/10.3390/v17050694

227

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Mayda, N., Ozkok, A, Ecem Bayram, N, Gercek, Y.C,, Sorkun, K. (2020). Bee
bread and bee pollen of different plant sources: determination of phenolic
content, antioxidant activity, fatty acid and element profiles. Journal of Food
Measurement and Characterization, 14(4), 1795-1809.
https://doi.org/10.1007/511694-020-00427-y

McGaw, L.J, Elgorashi, E.E. Eloff, JN. (2014). Chapter 8: Cytotoxicity of African
medicinal plants against normal animal and human cells. In V. Kuete (Ed.),
Toxicological Survey of African Medicinal Plants, Elsevier, pp. 181-233.
https://doi.org/10.1016/B978-0-12-800018-2.00008-X

Mohammed, EA, Abdalla, LG, Alfawaz, M.A, Mohammed, M.A,, Al Maiman,
S.A, Osman, M.A, Yagoub, AE.A, Hassan, A.B. (2022). Effects of extraction sol-
vents on the total phenolic content, total flavonoid content, and antioxidant
activity in the aerial part of root vegetables. Agriculture, 12(11), art. no. 1820.
https://doi.org/10.3390/agriculture12111820

Naja, K, Hedaya, L, Elashi, A.A, Rizzo, M., Elrayess, M.A. (2025). N-Lactoyl amino
acids: Emerging biomarkers in metabolism and disease. Diabetes Metabolism
Research and Reviews, 41(5), art. no. e70060.
https://doi.org/10.1002/dmrr.70060

Ninfali, P, Antonelli, A, Magnani, M., Scarpa, E.S. (2020). Antiviral properties
of flavonoids and delivery strategies. Nutrients, 12(9), art. no. 2534.
https://doi.org/10.3390/nu12092534

Olajide, TM.,, Cao, W. (2022). Exploring foods as natural sources of FAHFAs
— A review of occurrence, extraction, analytical techniques and emerging
bioactive potential. Trends in Food Science & Technology, 129, 591-607.
https://doi.org/10.1016/j.tifs.2022.11.005

Otreba, M., Marek, ., Stojko, J., Rzepecka-Stojko, A. (2025). Bee products as
alternatives in the treatment of viral infections. Journal of the Science of Food
and Agriculture, 106(1), 33-54.

https://doi.org/10.1002/jsfa.70017

Petka, K, Ottowska, O., Worobo, RW.,, Szweda, P. (2021). Bee bread exhibits
higher antimicrobial potential compared to bee pollen. Antibiotics, 10(2),
art.no. 125.

https://doi.org/10.3390/antibiotics10020125

Ponticelli, M., Bellone, M.L,, Parisi, V., lannuzzi, A, Braca, A, de Tommasi, N.,
Russo, D, Sileo, A, Quaranta, P, Freer, G,, Pistello, M., Milella, L. (2023). Special-
ized metabolites from plants as a source of new multi-target antiviral drugs:
a systematic review. Phytochemistry Reviews, 22(3), 615-693.
https://doi.org/10.1007/s11101-023-09855-2

Qiao, J, Feng, Z, Zhang, Y., Xiao, X, Dong, J., Haubruge, E, Zhang, H. (2023).
Phenolamide and flavonoid glycoside profiles of 20 types of monofloral bee
pollen. Food Chemistry, 405(Part A), art. no. 134800.
https://doi.org/10.1016/j.foodchem.2022.134800

Sawicki, T., Starowicz, M., Ktebukowska, L., Hanus, P. (2022). The profile
of polyphenolic compounds, contents of total phenolics and flavonoids,
and antioxidant and antimicrobial properties of bee products. Molecules,
27(4), art. no. 1301.

https://doi.org/10.3390/molecules27041301

Stachelska, M.A., Karpiriski, P, Kruszewski, B. (2025). A comprehensive re-
view of biological properties of flavonoids and their role in the prevention
of metabolic, cancer and neurodegenerative diseases. Applied Sciences,
15(19), art. no. 10840.

https://doi.org/10.3390/app151910840

Urcan, A.C, Criste, AD, Dezmirean, D.S, Bobis, O, Bonta, V., Dulf, FV, Margdoan,
R., Cornea-Cipcigan, M., Campos, M.G. (2021). Botanical origin approach for
a better understanding of chemical and nutritional composition of bee
bread as an important value-added food supplement. LWT - Food Science
and Technology, 142, art. no. 111068.
https://doi.org/10.1016/j.Iwt.2021.111068

Yan, H., Ma, L, Wang, H., Wu, S., Huang, H., Gu, Z, Jiang, J,, Li, Y. (2019). Luteolin
decreases the yield of influenza A virus in vitro by interfering with the coat
protein | complex expression. Journal of Natural Medicines, 73(3), 487-496.
https://doi.org/10.1007/s11418-019-01287-7

Yan, S, Zhang, M., Yuan, Y, Mu, G, Xu, H,, Zhao, T, Wang, Y., Xue, X. (2023).
Chaste honey in long term-storage: Occurrence and accumulation of Maillard
reaction products, and safety assessment. Food Chemistry, 424, art.no. 136457.
https://doi.org/10.1016/j.foodchem.2023.136457

Zhang, J,, Qiao, J, Zhang, Y., Zhu, H, Haubruge, E, Liu, L, Dong, J. (2025).
Di-p-coumaroyl spermidine from bee pollen alleviates chronic nonbacterial
prostatitis. Food Science & Nutrition, 13(6), art. no. e70467.
https://doi.org/10.1002/fsn3.70467


https://doi.org/10.1016/j.phytochem.2020.112644
https://doi.org/10.1016/j.phytochem.2020.112644
https://doi.org/10.3390/foods12101978
https://doi.org/10.3390/foods12101978
https://doi.org/10.1002/ptr.7309
https://doi.org/10.1002/ptr.7309
https://doi.org/10.1038/srep07237
https://doi.org/10.1038/srep07237
https://doi.org/10.1038/nprot.2014.180
https://doi.org/10.1038/nprot.2014.180
https://doi.org/10.1007/s11694-018-9769-5
https://doi.org/10.1007/s11694-018-9769-5
https://doi.org/10.1016/j.heliyon.2024.e35917
https://doi.org/10.1016/j.heliyon.2024.e35917
https://doi.org/10.1016/j.cbpa.2010.06.167
https://doi.org/10.1016/j.cbpa.2010.06.167
https://doi.org/10.3390/antiox13030353
https://doi.org/10.3390/antiox13030353
https://doi.org/10.1186/s13104-021-05762-x
https://doi.org/10.1186/s13104-021-05762-x
https://doi.org/10.17113/ftb.54.04.16.4635
https://doi.org/10.17113/ftb.54.04.16.4635
https://doi.org/10.2174/1381612828666220928110103
https://doi.org/10.2174/1381612828666220928110103
https://doi.org/10.4049/jimmunol.1801208
https://doi.org/10.4049/jimmunol.1801208
https://doi.org/10.3390/molecules29020399
https://doi.org/10.3390/molecules29020399
https://doi.org/10.1016/j.jpha.2021.09.009
https://doi.org/10.1016/j.jpha.2021.09.009
https://doi.org/10.3390/antiox8120568
https://doi.org/10.3390/antiox8120568
https://doi.org/10.3390/v17050694
https://doi.org/10.3390/v17050694
https://doi.org/10.1007/s11694-020-00427-y
https://doi.org/10.1007/s11694-020-00427-y
https://doi.org/10.1016/B978-0-12-800018-2.00008-X
https://doi.org/10.1016/B978-0-12-800018-2.00008-X
https://doi.org/10.3390/agriculture12111820
https://doi.org/10.3390/agriculture12111820
https://doi.org/10.1002/dmrr.70060
https://doi.org/10.1002/dmrr.70060
https://doi.org/10.3390/nu12092534
https://doi.org/10.3390/nu12092534
https://doi.org/10.1016/j.tifs.2022.11.005
https://doi.org/10.1016/j.tifs.2022.11.005
https://doi.org/10.1002/jsfa.70017
https://doi.org/10.1002/jsfa.70017
https://doi.org/10.3390/antibiotics10020125
https://doi.org/10.3390/antibiotics10020125
https://doi.org/10.1007/s11101-023-09855-2
https://doi.org/10.1007/s11101-023-09855-2
https://doi.org/10.1016/j.foodchem.2022.134800
https://doi.org/10.1016/j.foodchem.2022.134800
https://doi.org/10.3390/molecules27041301
https://doi.org/10.3390/molecules27041301
https://doi.org/10.3390/app151910840
https://doi.org/10.3390/app151910840
https://doi.org/10.1016/j.lwt.2021.111068
https://doi.org/10.1016/j.lwt.2021.111068
https://doi.org/10.1007/s11418-019-01287-7
https://doi.org/10.1007/s11418-019-01287-7
https://doi.org/10.1016/j.foodchem.2023.136457
https://doi.org/10.1016/j.foodchem.2023.136457
https://doi.org/10.1002/fsn3.70467
https://doi.org/10.1002/fsn3.70467

