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Polish and New Zealand Propolis as Sources of Antioxidant Compounds Inhibit Glioblastoma
(T98G, LN-18) Cell Lines and Astrocytoma Cells Derived from Patient
Reprinted from: Antioxidants 2022, 11, 1305, https://doi.org/10.3390/antiox11071305 . . . . . . 265

In Ah Bae, Jae Won Ha, Joon Yong Choi and Yong Chool Boo
Antioxidant Effects of Korean Propolis in HaCaT Keratinocytes Exposed to Particulate Matter
10
Reprinted from: Antioxidants 2022, 11, 781, https://doi.org/10.3390/antiox11040781 . . . . . . . 282

Nazli Boke Sarikahya, Ekin Varol, Gaye Sumer Okkali, Banu Yucel, Rodica Margaoan and
Ayse Nalbantsoy
Comparative Study of Antiviral, Cytotoxic, Antioxidant Activities, Total Phenolic Profile and
Chemical Content of Propolis Samples in Different Colors from Turkiye
Reprinted from: Antioxidants 2022, 11, 2075, https://doi.org/10.3390/antiox11102075 . . . . . . 300

Isamara Carvalho Ferreira, Raı́ssa Cristina Darroz Côrrea, Sarah Lam Orué, Daniel Ferreira
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Editorial

Antioxidant Activity of Honey Bee Products
Ivana Tlak Gajger 1,* and Josipa Vlainić 2,*
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10000 Zagreb, Croatia
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Antioxidants have gained significant importance in modern nutrition. They can
be sourced from various natural products, including those from bees [1]. Honey bee
products are royal jelly, venom, beeswax, honey, propolis, pollen, and fermented pollen (bee
bread). These substances are known for their antimicrobial, anti-inflammatory, antitumor,
antioxidant properties, and different biological activities [2]. Throughout history, they
have been used for various apitherapy purposes and are highly valued for their medicinal,
cosmetic, and nutritional benefits [3,4]. These products are rich in antioxidants, which
play a crucial role in combating oxidative stress linked to chronic diseases like cancer and
cardiovascular conditions [5]. This Special Issue, entitled “Antioxidant Activity of Honey
Bee Products”, focuses on the antioxidant properties of these products and their associated
health benefits.

Honey is especially noteworthy for its high levels of phenolic compounds and
flavonoids [6–8], all of which exhibit significant antioxidant activity. Propolis is simi-
larly rich in flavonoids and phenolic acids, which contribute to its powerful antioxidant
and anti-inflammatory properties [9,10]. Royal jelly, recognized for its protein-rich compo-
sition, contains several phenolic compounds that also demonstrate antioxidant effects [11].
While beeswax is not as commonly researched, it does show some mild antioxidant activity
as well [12]. Also, pollen and bee venom are promising natural sources of antioxidants that
may help prevent diseases related to oxidative stress, although more research is needed to
explore their mechanisms and potential therapeutic applications [13–15]. The beneficial
effects of honey bee products have been widely recognized in traditional medicine, and
they show potential for contemporary therapeutic uses. Additionally, these products are
often linked to health benefits and are considered valuable natural foods.

The primary focus of this Special Issue was to summarize previous findings, present
new research, and align this information with current global health needs as remedies and
agents that promote health, reducing the risk of various diseases. In particular, oxidative
stress is a key factor in many modern diseases, and honey bee products may provide
supportive benefits due to their antioxidant capacity. We aimed to discuss the bioaccessibil-
ity and bioavailability of these complex natural products, which can vary based on their
composition and geographical origin. To enable accurate comparisons, it is essential to
standardize their quality parameters and ensure that the same methods and measurement
units are used across different matrices of bee products [16,17]. This Special Issue brings
together three reviews and twelve original articles that explore recent research focused
on enhancing the potential functionalities of various bioactive compounds, such as phy-
tochemicals, found in bee products. These studies provide insights into the effectiveness
of these compounds as natural alternatives for managing health conditions related to
oxidative stress.

Antioxidants 2025, 14, 64 https://doi.org/10.3390/antiox14010064
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Bee pollen is increasingly recognized as a functional food because of its high-quality
composition and therapeutic potential in medical and culinary applications. A review
by El Ghouizi et al. (Contribution 1) highlights important details about the composition
of bee pollen, particularly its phenolic compounds, as well as its biological properties
and molecular pathways. Although its diverse composition provides various pharma-
cological benefits, the significant variability in its content poses a challenge to its use in
phytomedicine. On this basis, more attention should be paid to standardization, including
phenolic composition and nutritional value of different plant-origin pollen; to controls in
the frame of production beekeeping practices; to more pharmacological and biochemical
examinations; to enhance the bioavailability of bee pollen bioactive compounds; to the bio-
and techno-functional value of bee pollen as food, such as novel bee pollen-enriched food
products or dietary supplements; and to more clinical trials to investigate the beneficial
effect of pollen as functional food on human and animal health.

Martiniakova et al. (Contribution 2) summarized the current animal and human
studies regarding using honey as a potential therapeutic agent for osteoporosis and breast
cancer which are posing significant socioeconomic challenges. Preclinical in vitro studies
indicate that honey has a beneficial impact on bone health and breast tissue health where
honey has a significant impact on the microstructure and strength of bones, as well as on
oxidative stress. It also influences breast cancer by affecting cell proliferation, apoptosis,
tumor growth rate, and volume. Clinical studies focused on breast cancer have shown that
honey can effectively increase blood cell counts, interleukin-3 levels, and overall quality
of patient life. These findings suggest that honey may serve as a promising therapeutic
supplement for promoting the health of bone and breast tissue.

Honeybee products offer known pharmacological and health benefits, particularly
concerning periodontal disorders, which are caused by dental biofilm and an inflamma-
tory response to bacterial overgrowth resulting from dysbiosis in the oral microbiome.
Choudhary et al. (Contribution 3) reviewed the potential role of these bee products in pre-
venting oral diseases, highlighting their diverse biologically active compounds, including
flavonoids, phenolic acids, and terpenoids. These findings suggest that bee products could
serve as a therapeutic option for individuals suffering from various oral disorders.

Bae et al. (Contribution 4) propose that properly purified Korean-origin propolis could
be used as a cosmetic ingredient that helps mitigate human skin toxicity caused by air
pollutants. This effect is attributed to propolis hydrophilic and lipophilic fractions and
several key bioactive components that influence the viability and oxidative stress of HaCaT
epidermal keratinocytes exposed to particulates with a diameter smaller than 10 µm.

Honeybee products were assessed for their potential to protect against nephrotoxicity
induced by doxorubicin. The combined treatment of honey, royal jelly, and propolis
significantly improved biochemical, histological, and immunohistochemical parameters
in rat renal tissue, leading to a notable enhancement in the expression of the PARP-1 and
Bcl-2 genes (Contribution 5).

Moskwa et al. (Contribution 6) compared the chemical composition, total phenolic
content, and concentration of toxic elements in Polish propolis extracts and New Zealand
Manuka propolis extracts and evaluated their anticancer potential against diffuse astrocy-
toma derived from patient cells and glioblastoma cell lines (T98G, LN-18). Both propolis ex-
tracts showed antioxidant capacity and exhibited similar activities, demonstrating promis-
ing anti-glioma potential for in vitro experimental conditions. To support the authenticity of
Polish honeybee varieties, phenolic acids were analyzed as indicators. Specifically, syringic
acid, vanillic acid, and caffeic acid are characteristic of linden honey, while p-coumaric acid
and 4-hydroxybenzoic acid are associated with buckwheat honey and vanillic acid is no-
table in honeydew honey. Of these, buckwheat honey has the highest median total phenolic
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content, indicating a rich concentration of phenolic compounds; thus, it is recommended
for enriching human diets with its antioxidant ingredients (Contribution 7).

Kelulut honey has excellent antioxidative and anti-inflammatory properties and
unique physicochemical characteristics. It is being studied for its isolated and combined
effects with metformin or clomiphene in addressing oxidative stress and reproductive and
metabolic abnormalities associated with polycystic ovary syndrome. The results indicate
that this combination can improve oxidative stress, hormonal profiles, and the estrous
cycle in rats, suggesting a potential complementary treatment option for women with this
condition (Contribution 8).

Montaser et al. (Contribution 9) conducted chromatography on the HC2 fraction and
found that the secondary metabolites in citrus honey and marjoram honey, specifically
hesperetin, linalool, and caffeic acid, are responsible for increasing antioxidant activities in
comparison with clover honey.

The color indexes of 39 propolis samples from various locations in Turkiye were
determined for the first time using the Lovibond Tintometer. This study also examined
the relationship between the color index, total phenolic content, and the cytotoxic and
antioxidant activities of the propolis samples, including two commercial ones. The research
highlighted how these samples can be characterized by their color indices, chemical con-
tents, and potential activities, such as antioxidant, antiviral, and cytotoxic properties. These
findings suggest that propolis could be useful in various fields, ranging from medicine to
cosmetics (Contribution 10).

Zakaria et al. (Contribution 11) investigated the therapeutic effects of stingless bee
(Heterotrigona itama) bee bread (fermented pollen) from Malaysia on obesity-related dis-
orders in hepatic lipid metabolism. They focused on its Keap1/Nrf2 pathway regulation
and proposed that it could serve as a natural supplement for treating obesity-related fatty
liver disease.

Dimitriu et al. (Contribution 12) reported that honey enriched with polyphenols from
raspberry extracts maintains the characteristic properties of honey while enhancing the
synergistic antioxidative activity between honey and the polyphenols. Although a honey-
biomimetic natural deep eutectic solvent, which has similar properties to honey, demon-
strated comparable antioxidant activity when mixed with polyphenols, honey appears to
possess additional qualities that further enhance synergism and reduce antagonism.

The total phenolic content, antioxidant activity, and phenolic compounds of honey
from Western Australia were measured, and the results were ranked as follows: Calotham-
nus spp. (Red Bell) had the highest levels, followed by Eucalyptus marginata (Jarrah),
Agonis flexuosa (Coastal Peppermint), and Corymbia calophylla (Marri). Similar trends were
observed in their respective Ferric Reducing Antioxidant Power (FRAP) and 2,2-diphenyl-
1-picrylhydrazyl (DPPH) antioxidant activities (Contribution 13).

Cerumen is a bee product made exclusively by stingless bees, composited as a mixture
of beeswax and plant resins. Ferreira et al. (Contribution 14) investigated the chemical
composition and antioxidant activity of cerumen produced by the Geotrigona sp. and
Tetragonisca fiebrigi stingless bees. They conducted both in vitro and in vivo analyses
using HPLC, GC, and ICP OES techniques. The results showed promising effects against
oxidative stress and related diseases.

Various interactions within complex chemical systems influence the antioxidant and
prebiotic properties of mixtures that combine honey with polyphenol-rich extracts. Typi-
cally, the modulation of antioxidant activities varies between the two extracts, which can
be attributed to differences in the composition of polyphenols found in the tested plant
extracts. Notably, the honeysuckle flower extract demonstrated higher prebiotic activity
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than the raspberry extract, and the effect on lactic acid production resulted in a hormetic
response (Contribution 15).

The published scientific papers highlight the significance of utilizing the antioxidative
properties found in various compounds of natural bee products. By exploring a diverse
range of bioactive substances present in propolis, honey, pollen, cerumen, and other
products, the authors are paving the way for sustainable beekeeping and apitherapeutic
practices. Additionally, incorporating natural antioxidants into functional foods presents
an innovative and promising opportunity to enhance humans’ and animals’ health and
well-being.
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Abstract: Nephrotoxicity is one of the limiting factors for using doxorubicin (DOX). Honey, propolis,
and royal jelly were evaluated for their ability to protect against nephrotoxicity caused by DOX.
Forty-two adult albino rats were divided into control groups. The DOX group was injected i.p. with a
weekly dose of 3 mg/kg of DOX for six weeks. The DOX plus honey treated group was injected with
DOX and on the next day, received 500 mg/kg/day of honey orally for 21 days. The DOX plus royal
jelly treated group was injected with DOX and on the following day, received 100 mg/kg/day of royal
jelly orally for 21 days. The DOX plus propolis treated group received DOX and on the following day,
was treated orally with 50 mg/kg/day of propolis for 21 days. The DOX plus combined treatment
group received DOX and on the following day, was treated with a mix of honey, royal jelly, and
propolis orally for 21 days. Results confirmed that DOX raised creatinine, urea, MDA, and TNF-α
while decreasing GPX and SOD. Damages and elevated caspase-3 expression were discovered during
renal tissue’s histopathological and immunohistochemical studies. Combined treatment with honey,
royal jelly, and propolis improved biochemical, histological, and immunohistochemical studies in the
renal tissue. qRT-PCR revealed increased expression of poly (ADP-Ribose) polymerase-1 (PARP-1)
and a decline of Bcl-2 in the DOX group. However, combined treatment induced a significant decrease
in the PARP-1 gene and increased Bcl-2 expression levels. In addition, the combined treatment led
to significant improvement in the expression of both PARP-1 and Bcl-2 genes. In conclusion, the
combined treatment effectively inhibited nephrotoxicity induced by DOX.

Keywords: doxorubicin; nephrotoxicity; PARP-1; Bcl-2; TNF-α; honey; royal jelly; propolis

1. Introduction

Doxorubicin (DOX), an anthracycline antibiotic, has been applied as an effective
anti-cancer therapy since 1969 [1,2]. Despite its potent anti-cancer properties, the clinical
usefulness of DOX in cancer chemotherapy is limited by its severe consequences on non-
targeted organs, including the kidneys, liver, and brain [3]. DOX was reported to raise the
permeability of glomerular capillaries and atrophy of the glomeruli in rat kidneys [4]. After
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DOX accumulation, severe glomerular damage was produced due to oxidative stress [5].
Lipid peroxidation and diminished antioxidant enzyme activity are common mediators
promoting nephrotic syndrome [6]. Inflammation plays an influential role in renal damage
exhibited by DOX through cytokines and other cytotoxic factors [7]. Protein excretion
due to renal failure is primarily associated with damage to the filtration barrier [7]. This
filtration barrier deterioration is caused by DOX [8]. Several researchers reported that DOX
caused alterations in the kidney function parameters. Manal et al. (2019) published that
DOX caused significant increases in creatinine and urea levels [9]. DOX causes oxidative
stress in kidney tissues characterized by low antioxidant enzyme activity and enhanced
malondialdehyde activity [10]. DOX-induced nephrotoxicity causes increased vascular
porousness and glomerular contraction. It is marked by increased kidney functions and
raised lactate dehydrogenase activity, along with decreased renal Ca2+- ATPase, Mg2+-
ATPase, and Na+, K+-ATPase rates [11,12]. Natural antioxidants reduce harmful side
effects and improve the antitumor activity of anti-cancer medications [13–15]. Different
studies have demonstrated that a diet high in honey and bee products (propolis and royal
jelly) provides significant health benefits against various diseases due to their antioxidant
properties [16,17].

Honey is a naturally occurring food that is produced by bees. It is known worldwide
for its great nutrient ingredients beneficial to humans. Major sugars and vitamins, phenolic
acids, minerals, and phytochemicals are found in honey. Egyptians, Greeks, Romans, and
Chinese have all utilized honey to treat wounds and intestinal disorders, including gastric
ulcers. It has also been used to treat earache, coughs, and sore throats [18,19]. Honey has
lately been used for its anti-inflammatory, antimicrobial, and antioxidant activities and
for enhancing the immune response [20]. Honey’s biological activity can be related to its
polyphenolic content, linked to its antioxidant and anti-inflammatory properties, and its
cardiovascular, anti-proliferative, and antibacterial benefit [21,22].

Royal jelly is made from the mandibular glands and hypopharyngeal of worker
honeybees as a milky secretion [23]. It contains royalactin proteins, monosaccharides,
lipids, fatty acids, minerals, free amino acids, and vitamins. Antitumor, anti-inflammatory,
antioxidant, hypoglycemic, and hypo-cholesterolemic actions are considered biological
benefits of royal jelly [24,25].

Propolis, another defense product from the bee, is collected from different plant
sources. Additionally, propolis has several biological properties, including antioxidant and
free radical scavenger action, antimicrobial activity against a broad spectrum of pathogens,
anti-malignant action, anti-inflammatory activities, and immune-boosting properties by
promoting numerous pro-inflammatory cytokines [19]. Propolis was reported to enhance
the protective effect on kidney failure induced by paracetamol, carbon tetrachloride, and
Doxorubicin [26,27]. The current study aims to assess the preventive roles of natural honey,
royal jelly, and propolis administration, both alone and combined, on Dox-induced renal
toxicity. The biochemical, histopathological, immunohistochemical, and gene expression
modifications in albino rats were examined.

2. Materials and Methods
2.1. Chemicals and Natural Products

Doxorubicin (DOX) hydrochloride, honey, royal jelly, and propolis were obtained from
Sigma chemical company (St. Louis, MO, USA).

2.2. Experimental Animals

The protocol of the Institutes of Health (NIH) and the Commission for Control and
Supervision of Experiments on Animals (CPCSEA) (registration number: 13/165) were
performed in our experimental animal study. Our research was conducted in the biology
lab of Ain Shams University’s Department of Zoology, Faculty of Women for Arts, Science,
and Education. The rats used in this investigation were 42 adult male albino rats weighing
(150–160 g). Rats were kept in a properly ventilated room and exposed to natural light
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(12:12 h light-dark cycle). In the laboratory, the animals were housed in metabolic labeled
cages at a constant temperature of 25 ◦C. They had unrestricted access to conventional dry
pellet food and water. They were acclimated for a week before the experiment started.

2.3. Induction of Nephrotoxicity

Doxorubicin (DOX) hydrochloride 10 mg vial (Pharmacia Italia, Milano, Italy) was
injected intraperitoneally in six equal doses (i.p., 3 mg/kg b.w.) for six weeks (one dosage
each week for a total dose was18 mg/kg b.w.) as previously described [28]. All other
chemicals and reagents used were of analytical grade.

2.4. Experimental Design

Forty-two male albino rats were divided into six groups of seven animals each. The
control group (NG) was given saline; the Doxorubicin group (DOX-G) was administrated
with a single dose of 3 mg/kg/week i.p. of DOX for six weeks for kidney toxicity induction;
the Dox plus honey treated group (DOX-H) was introduced with DOX (single dosage
of 3 mg/kg/week i.p. for six weeks) and on the next day receiving 500 mg/kg/day of
honey orally for 21 days; the Dox plus royal jelly treated group (DOX-R) treated with
DOX (only one dose 3 mg/kg/week i.p. for six weeks) and on the next day treated orally
with 100 mg/kg/day royal jelly for 21 days; the Dox plus propolis treated group (DOXP)
received DOX (single dose 3 mg/kg/week i.p.) and on the next day treated orally with
50 mg/kg/day propolis for 21 days; the Dox plus honey, royal jelly, and propolis combined
group (DOXHRP) received DOX (15 mg/kg, i.p.) and on the subsequent day treated with
500 mg/kg/day of honey, 100 mg/kg/day Royal jelly, and 50 mg/kg/day propolis orally
for 21 days.

At the end of the experiment, non-heparinized capillary tubes were used to collect
blood samples from the retro-orbital plexus. To analyze kidney functions, serum specimens
were produced after centrifuging for 20 min and collecting the supernatants. The kidneys
were promptly divided and cleaned with saline after decapitating the rats. One portion of
the kidney was homogenized in phosphate-buffered saline and centrifuged to prepare 25%
w/v tissue homogenates. After that, the supernatants were collected and kept at −80 ◦C
until analysis. For histopathology and immunohistochemistry examination, another kidney
section was rinsed with saline and then put in 10% formal saline. The third part was kept
at −80 ◦C in trizol for gene expression analyses.

2.5. Biochemical Determinations

Renal Biomarkers: Biodiagnostic Co. Egypt kit was used as a colorimetric method to
assay urea, as previously described [29]. Creatinine was measured using a Kit obtained
from Diamond Diagnostics Co., Cairo, Egypt, according to [30].

Antioxidants and oxidative markers: Biodiagnostic Co., Egypt kits were used in
colorimetric methods to determine renal malondialdehyde (MDA), superoxidase dismutase
(SOD), and glutathione peroxidase (GPX) according to [31–34], respectively.

Tumor necrosis factor-α (TNF-α) and B-Cell Leukemia/Lymphoma 2 (Bcl2): Tumor
necrosis factor-α (TNF-α) content was evaluated by ELISA technique using a TNF-α assay
kit acquired from Assay Pro., Co., Charles city, IA, USA, following the procedure described
by [35]. B-Cell Leukemia/Lymphoma 2 (Bcl2) was measured using the ELISA technique
following the manufacturer’s instructions for ELISA KIT of rat Bcl2 procured from Cloud-
Clone Corp. (CCC, Houston, TX, USA).

2.6. Cell Examination of Kidney Tissues

Dissected renal tissue samples were rinsed in normal saline and fixed in 10% saline
for 72 h. After that, the specimens were cut and dried in alcohol, then cleared in xylene,
filtered in wax, and finally blocked out into Paraplast tissue embedding media. A rotatory
microtome was used to cut 5 µm thick sections of each sample. According to the previ-
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ously reported methodology, the sections were stained with hematoxylin and eosin (H&E)
stain [36]. Slides were examined under a microscope at 400×magnification.

2.7. Immuno-Histochemical Study (Caspase-3)

Caspase 3 antibodies were stained immunohistochemically at dilution (1:50) and on
4-µm, paraffin-embedded sections. Antigen retrieval in all samples was accomplished
by heating the plates for 30 min in a solution of EDTA (1-mmol/L, pH 8.0), followed
by endogenous biotin inhibition. Staining with an automated immune Stainer (DAKO)
was performed, then detected with a streptavidin-biotin detection system. Additionally,
positive and negative control sections were applied.

2.8. Gene Expression Analysis

The changes in mRNA levels of PARP1 and Bcl2 genes were assessed using quantitative
real-time PCR [37,38]. An internal control GAPDH was used as a standard for the RT- PCR analysis.
Trizol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) was used to extract the total RNA
of kidney tissue following the supported manufacture. The spectrophotometer was used to investi-
gate the purity and concentration of total RNA. The cDNA synthesis kit (Takara, Kyoto, Japan) was
used for cDNA synthesizing according to the manufacturer’s instructions. Quantitative RT-PCR
was conducted using the SYBR Green mix kit (Applied Biosystems, Foster City, CA, USA) applying
Mini TM thermocycler (Bio-Rad Laboratories Inc., New York, CA, USA). In a final volume of 25 µL,
2 µL cDNA was added to 12.5 µL 2× SYBR Green mix, 1 µL of each forward and reverse primers,
and 8.5µL of deionized distal water. The primers sequences were designed using primer design soft-
ware Primer 3 version 4.1.0 online at https://primer3.ut.ee/ (accessed on 31 March 2022): Bcl-2 (F)
5′-TTTGATTTCTCCTGGCTGTCT-3′ and (R) 5′-CTGATTTGACCATTTGCCTG-3′; PARP-1 (F) 5′-
TCTCCAATCGCT TCTACACCCT-3′ and (R) 5′-TACTGCTGTCATCAGACCCACC-3′; GAPDH
(F) 5-GCAAGTTC GCAAGTTCAACGGCACAGTCAAG-3 and (R) 5-GTACTCAGCACCAGCAT
CACC-3(The PCR reactions followed programs of first 95 ◦C for 10 min, then 40 cycles consisting
of 94 ◦C for 15 s, and 60 ◦C for 1 min, finally melting curve analysis was used to specify the
amplification. gene accession number Bcl_2, PARP-1, NM_013063.2 and NM_016993.2) The 2∆∆CT
method was used to analyze the obtained data. The mRNA levels results were generalized against
the amount of housekeeping gene GAPDH Results were presented as fold change relative to the
negative control (RFC) [39].

2.9. Statistical Analysis

The SPSS program version 25 (IBM Corp., Armonk, NY, USA) was used to analyze the
obtained data statistically. The mean and standard error were used to summarize our data.
For comparisons between groups, variance analysis (ANOVA) was used with a multiple
comparisons post hoc test for every two groups.

3. Results
3.1. Renal Biomarkers

The findings in Figure 1A,B show that serum creatinine and urea levels in the DOX
group were significantly higher (p ≤ 0.05) than in the control group. However, compared to
the DOX group, treatment of H, R, or P alone or a mixture of H, R, and P led to a substantial
reduction (p ≤ 0.05) in the serum urea and creatinine levels.

3.2. Antioxidants Status

The effects of H, R, and P, alone or combined of all H, R, and P on MDA and enzymatic
antioxidants in DOX-treated rats are shown in Figure 2A,B. The DOX group had a significant
rise in renal MDA content (p ≤ 0.05) in contrast to the control group. Treatment of the DOX
group with H, R, and P or all of H, R, and P together, on the other hand, reversed this rise
as evidenced by a significant decline (p ≤ 0.05) in MDA concentration when compared to
the DOX group. Compared to controls, the DOX group had significantly lower SOD and
GPX. As the DOX group was treated with H, R, and P, alone or combined of all H, R, and P

10



Antioxidants 2022, 11, 1029

together, the level of SOD and GPX in the kidney homogenate increased (p ≤ 0.05) relative
to the DOX group.
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Figure 1. Effect of honey (H), royal jelly (R), and propolis (P) on the renal functions in rats treated
with Doxorubicin, (A) creatinine, and (B) urea. Values are shown as mean ± SE. Different lowercase
letters indicate significant differences compared to the corresponding value in the control group at
p < 0.05.

3.3. Inflammatory Markers

Results in Figure 3 demonstrate the treatment with H, R, and P, alone or combined
of H, R, and P together on renal TNF-α in the DOX group. The DOX group showed a
significant increase (p ≤ 0.05) in TNF-α levels compared to the control group. In contrast,
when the DOX group was treated with H, R, and P, alone or combined with H, R, and P,
the renal levels of TNF-αwere markedly decreased (p ≤ 0.05) compared to the untreated
DOX group.
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are shown as mean ± SE. Statistically. Different lowercase letters indicate significant differences
compared to the corresponding value in the control group at p < 0.05.

3.4. Histopathological Analysis: Haematoxylin and Eosin

The control group’s kidney sections (Figure 4A) revealed an average renal capsule,
average glomeruli with average Bowman’s spaces, average proximal tubules with pre-
served brush borders, average distal tubules, and an average renal medulla with average
collecting tubules, average epithelial lining, and average interstitium. In the DOX group,
the kidney showed average renal capsule, atrophied glomeruli with enlarged Bowman’s
gaps, proximal tubules with apoptotic epithelial lining, partial loss of brush borders, and
intra-tubular debris notably dilated congested interstitial blood vessels with areas of hem-
orrhage. The renal medulla demonstrated collecting tubules with apoptotic epithelial
lining and congested peri-tubular capillaries (Figure 4B). Regarding the renal medulla of
the Dox + H group (Figure 4C), no histopathological changes were detected except for a
few sections that exhibited marked congestion. Similarly, the renal medulla of the Dox +
R group (Figure 4D) was apparently normal except for some sections that showed renal
tubular degeneration and necrosis. Figure 4E (Dox + P) and Figure 4F (DOX + H + R + P)
show an apparently normal renal cortex with congestion in some instances while exhibiting
an apparently normal renal medulla.
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Figure 4. Control group (A) high power view shows average glomeruli with average Bowman’s
spaces, average proximal tubules with preserved brush borders (black arrow), average distal tubules,
and average interstitium (H&E); Dox group (B) showing focal cystic dilation of renal tubules with
focal interstitial nephritis (H&E); Dox + H group (C) showing apparently normal renal cortex with
few tubules containing renal cast (arrow) (H&E); (D) (Dox + R), showing some degenerating renal
tubules (H&E); Dox + P group (E) showing apparently normal renal medulla (H&E); Dox + H + R + P
group (F) showing apparently normal renal cortex (H&E).
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3.5. Immuno-Histochemical Studies: Caspase 3

In the control group, the kidneys showed negative reactivity (0) for caspase-3 in
glomeruli, negative cytoplasmic reactivity (0) in proximal tubules, and negative reactivity
(0) in collecting tubules (Figure 5A); however, in the DOX Group, the kidneys showed
an average renal capsule, atrophied glomeruli with widened Bowman’s spaces, proximal
tubules with apoptotic epithelial lining with high expression of caspase 3% when compared
with the control group at p≤ 0.05 (Figure 5G), partial loss of brush borders and intra-tubular
debris, and markedly dilated congested interstitial blood vessels with areas of hemorrhage.
The renal medulla showed collecting tubules with apoptotic epithelial lining and congested
peri-tubular capillaries (Figure 5B). In particular Dox + H and Dox + R groups, the kidneys
showed moderate cytoplasmic reactivity (++) for caspase-3 in glomeruli, moderate (++)
in proximal tubules, and moderate reactivity (++) in collecting tubules (Figure 5C,D) with
a significant decrease in optical density % of Caspase 3 in comparison with Dox group at
p ≤ 0.05 (Figure 5G). On the other hand, kidneys in both Dox + P and Dox + H + R + P
groups showed improvement in weak cytoplasmic reactivity (+) for caspase-3 (Figure 5E,F)
with significant inhibition in optical density % of Caspase 3 in comparison with Dox group
as well as Dox + H and Dox + R groups at p ≤ 0.05 (Figure 5G).
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Figure 5. Control group (A) high power view showing negative expression of caspase 3 (immunos-
taining); Dox group (B) showing higher expression of caspase 3 (immunostaining); Dox + H group (C)
and Dox + R group (D) showing moderate expression of caspase 3 (immunostaining); Dox + P group
(E) and Dox + H + R + P group (F) show weak expression of caspase 3 (immunostaining). (G) Optical
density% for Caspase 3 in experimental groups. Results are expressed as mean± S.E.M. and analyzed
using one-way ANOVA followed by Bonferroni’s test for multiple comparisons. * p ≤ 0.05 versus
control group. & p ≤ 0.05 versus Dox group. a p ≤ 0.05 versus Dox + H group. b p ≤ 0.05 versus Dox
+ R group. n = 5.
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3.6. Gene Expression Analysis

The present study detects changes in the mRNA expression levels of two genes as
molecular biomarkers using real-time PCR. The inflammatory impact and anti-apoptotic
effect of DOX and treatment with honey, royal jelly, and propolis were detected in kidney
tissues. A statistically significant (p ≤ 0.05) increase in PARP-1 gene expression was
determined after DOX injection compared to the control group (5.5, 1.06, respectively).
The protective effect of honey, propolis, and royal jelly treatment was detected in the
significant downregulation (p ≤ 0.05) of the PARP-1 gene expression level, whereas highly
significant (p≤ 0.01) downregulation was demonstrated after combined treatment of honey,
royal jelly, and propolis as compared to the DOX group (4.3, 4.7, 3.9, 2.6, 5.5, respectively).
The apoptotic molecular biomarker Bcl2 showed significant downregulation of Bcl2 gene
expression after treatment with DOX (1.3) compared to the control group (5.9). Treatment
with honey, propolis, and royal jelly after nephrotoxicity induction with DOX resulted in a
significant (p ≤ 0.05) increase in Bcl2 mRNA expression and was highly significant with a
combined honey, royal jelly, and propolis treatment as compared with the DOX group (1.7,
1.8, 1.9, 2.4, 1.3, respectively) (Figure 6).
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Figure 6. Histogram for poly (ADP-ribose) polymerase 1 (PARP-1) and Bcl2 genes expression in
response to treatment with honey (H), propolis (P), and royal jelly (R) mix (H + P + R) on rats treated
with Doxorubicin. The groups are negative control; Dox treated group (Dox); the Dox +hony treated
group (Dox + H); the Dox + royal jelly treated group (Dox + R); the Dox +propolis treated group
(Dox + P); the Dox + mix of honey, royal jelly, and propolis treated group (Dox + H + P + R). * mean
significant p-value less than 0.05. ** mean significant p-value less than 0.01.

4. Discussion

Our study revealed a decline in the glomerular filtration level and a considerable
increase in blood creatinine and urea after DOX administration. These findings were
consistent with data previously published by [8,40]. They stated that chemotherapy causes
acute renal failure with severe renal tubular impairments. The mechanism of DOX-inducing
renal injury is through inflammation, which stimulates ROS production and apoptosis,
with a decrease in antioxidant enzymes in the kidneys [41]. The most sensitive markers of
nephrotoxicity are serum urea and creatinine [42]. The elevated creatinine level in the DOX
group is related to DOX toxicity disrupting kidney function, which profoundly affects total
body metabolism (Figure 7). Our investigation parallels the earlier analyses [43].
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In contrast, the treatment with H, R, and P, or all of them as a mixture, improved ab-
normalities in renal parameters (serum creatinine and urea) caused by DOX. Previously, the
utilization of honey was revealed to protect against cisplatin-induced kidney toxicity via the
suppression of inflammation [44]. These findings established the protecting role of honey
against DOX-induced kidney toxicity in rats. These results agree with the results found by
Omotayo et al. (2012), Waykar et al. (2018), and Alhumaydhi (2020), who indicated that royal
jelly and honey have preventive properties on renal dysfunctions [22,45,46]. Honey and royal
jelly are both beneficial foods with high antioxidant capacity. They have hepato-protective,
hypoglycemic, reproductive, and antihypertensive benefits. Several investigations declared
the protective effect of honey in kidney functions against many drugs [47]. Another study
reported the capability of honey to preclude hepato-nephrotoxicity-induced rats treated with
cadmium. Additionally, the nephroprotective effect of propolis was evaluated by Baykara et al.
by improving renal oxidation and decreasing serum creatinine urea levels which are similar to
our data [48].

Promsan et al. studied pretreatment with one of the main constituents of propolis
flavonoids, pinocembrin (5,7-dihydroxyflavone), which enhanced renal function and di-
minished apoptotic and oxidative stress markers [49]. These conclusions determined the
protective effect of pinocembrin against nephrotoxicity because of its antioxidant and anti-
apoptotic roles. It regulates the antioxidant enzymes and attenuates the rise in oxidative
stress through Nrf2/HO-1 and NQO1 pathways [50]. An increase of MDA, an indicator of
lipid peroxidation, is directly associated with free radical impairment to the glomerular
basement membrane. The dismutation of O2 to H2O2 and molecular oxygen is catalyzed
by the SOD enzyme, while GPX catalyzes the degradation of H2O2 to O2 and H2O. The
reduction of SOD and GPX activities and increment of MDA content were revealed after
DOX injection, resulting in diminished kidney ability to scavenge toxic H2O2 and lipid
peroxides. These conclusions agree with El-Sheikh et al., who discussed the mechanism by
which DOX-induced nephrotoxicity and cytotoxicity, evidenced by the breakdown of cell
membranes and cellular components, is accelerated by oxidative stress generated by excess
reactive oxygen species (ROS) [51]. ROS activity changes specific intracellular components,
including proteins, lipids, and nuclear DNA [52].
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The treatment with H, R, and P, separated or mixed, was proven to lower MDA levels
and alter SOD and GPX levels. These results are consistent with earlier research that
indicated an increase in antioxidant levels in honey use; this effect might be accompanied
by the honey composition, such as many nutrients and antioxidants [53,54]. Additionally,
these findings suggest a potent protective effect against oxidative stress, resulting in honey
administration. Moreover, royal jelly’s high antioxidant capacity facilitates scavenging free
radicals, lowering the nitric oxide level and subsequently reducing lipid oxidation and
inhibiting protein oxidation, as reflected through the decline in renal function parameters.
Additionally, honey and royal jelly serve an effective role in developing normal cellular
immunity [55]. Propolis, a strong antioxidant rich in flavonoids, can scavenge free radicals
and therefore protect the cell membrane against lipid peroxidation. Caffeic acid phenethyl
ester (CAPE) is one of the main components of propolis, which can block ROS production
in several systems [56]. Additionally, propolis induced upregulation of Nrf2 expression, the
main intracellular transcription factor. It is released under oxidative stress from its repressor
(Keap1) and thus restores antioxidant enzyme function. The released Nrf2 binds to the an-
tioxidant response element (ARE) in the gene promoter of cytoprotective genes, stimulating
their expression. Subsequently, to remove the effect of cytotoxic oxidants, the expression
of free radical-scavenging enzymes occurred [57,58]. DOX administration produced a
significant increase in TNF-α levels, a pro-inflammatory cytokine created by glomerular
and tubular cells and outside injected inflammatory cells, and acts via mitogen-activated
protein kinases (MAPKs) and nuclear factor kappa B (NF-κB) signaling pathways [59]. The
initiation of these paths upregulates the expression of some inflammatory cytokines, such
as TNF-α [60]. Al-Saedi et al. DOX-produced superoxide anion was found responsible for
TNF-induced nuclear factor (NF) stimulation [61] and TNF upregulation [62].

After the DOX group was treated with H, R, and P, or a mixture of them, there
was a noticeable increase in TNF-α levels. These findings were in accordance with Thi
Lan Nguyen et al., who found that the anti-inflammatory activity of honey is due to its
phenolic mixes and other minor constituents [63]. Ahmad et al. and Kassim et al. detected
that quercetin, chrysin, ellagic acid, and ferulic acid hesperetin in honey are protective
supplements for different inflammatory diseases [64,65]. Royal jelly treatment controlled
the alterations of measured pro-inflammatory cytokine. Several reports documented the
beneficial impact of royal jelly and its ingredients on anti-inflammatory activity in different
experimental models. Moreover, one of the major lipid constituents in royal jelly is 10-
hydroxy-2-decenoic acid, which was said to exert anti-inflammatory consequences in colon
cancer cells passing through inhibiting NF-κB, which further inhibited the release of TNF-α.
CAPE, the main constituent in propolis, may be responsible for propolis’s anti-inflammatory
effects by lowering the inflammatory cytokines in the inflammatory cells [66].

The histological examination in the present study revealed glomerular congestion,
tubular degeneration, vacuolization, necrosis, hyaline cast, brush border loss of proximal
cells, and epithelial cell detachment in the DOX group. These alterations were linked to
the failure of renal functions, such as elevated creatinine and urea levels. These results
were attributed to DOX, which was absorbed by the kidney’s tubular cells, especially in
proximal tubules. Additionally, this result could be associated with the high concentration
of free radicals that cause lipid peroxidation due to the induction of DOX. Similarly, Köse
et al. reported that DOX administration resulted in renal cell degeneration with detectable
apoptotic bodies due to ROS production [67]. Administration of H, R, and P provided renal
histological treatment as normal tubules, glomeruli, and interstitial nephritis were detected.
These facts are in harmony with [67,68]. The current findings point to the antioxidant
involvement of H, R, and P in scavenging ROS and furthermore their anti-apoptotic and
anti-inflammatory properties.

Apoptosis recreates a causative function in developing DOX toxicity in different tis-
sues [69]. In the current work, DOX produced a significant elevation in the immunological
reactivity of caspase-3 in the cytoplasm of renal cells. These results were attributed to the
reactive oxidative stress-producing oxidative stress in addition to inflammation, leading to
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the apoptosis of tubular cells. These statements agree with Rashid et al., who attributed
the activation of apoptotic DOX, which resulted in DNA injury and mitochondrial DNA
damage [70]. The present work also explained the sufficient suppression of apoptosis by
propolis extract in kidneys exposed to DOX. This anti-apoptotic effect of honey, royal jelly,
and propolis was reported by other investigators [71]. To clarify the protective mechanisms
of H, P, and R, and (H + P + R) combined at the molecular level, the expression levels
of Bcl-2 and PARP-1 were evaluated. Poly (ADP-ribose) polymerase (PARP) is known to
stimulate a specific response wherein the ADP-ribose moiety of NAD+ is transmitted to an
amino acid receptor, producing poly (ADP-ribose) polymers. The PARP family includes 17
enzymes participating in a conserved catalytic domain [72].

Additionally, PARP-1 is mainly depicted as a key enzyme for detecting and repairing
DNA damage; however, excessive activation of PARP-1 causes necrotic cell death by
depleting intracellular ATP [73]. Our results indicated that treatment with DOX induces
kidney injury and increases PARP-1 gene expression level two-fold. These effects were
modulated by treatment with the H, P, and R, and (H + P + R) mixture. These findings
were in line with other studies that point out PARP-1 inhibition of expression of adhesion
molecules, infiltration in the inflammatory cells, and secondary oxidative injury in the
kidney [74–76]. Mixed administration of royal jelly and honey diminished the cisplatin-
induced alterations in diagnostic markers of both kidney and liver functions, under the
effect of the capability of honey and royal jelly to scavenge free radicals, lipid peroxidation
inhibition, and its anti-inflammatory roles [46,77]. Bcl-2, an anti-apoptotic gene, and
its product of the Bcl-2 protein, inhibits the progression of apoptosis by the variability
of oxidative stress and through interaction with mitochondrial superoxide dismutase
SOD [78]. Obtained results showed that Bcl-2 gene expression was lessened in the DOX
treatment group and increased significantly due to treatment with H, P, and R, and (H +
P + R) combined. This effect might be due to the antioxidant potentiality of H, P, and R.
Honey, propolis, and royal jelly are shown to have antioxidant properties [79,80].

5. Conclusions

We conclude that the administration of honey, propolis, and royal jelly significantly
enhanced and resolved the renal injuries and toxicity that took place after the Doxorubicin
injection. The mitigation of renal damage was in the significant improvement of kidney
function assays, renal histopathology and immunohistochemistry, and mRNA of Bcl-2 and
PARP-1 expression levels. Furthermore, the combined treatment significantly inhibited
nephrotoxicity induced by DOX compared to the honey, propolis, and royal jelly alone.
These natural products induce antioxidant effects, prevent oxidative stress, and enhance
the expression level of anti-apoptotic genes.
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Abstract: Honey bee products comprise various compounds, including honey, propolis, royal jelly,
bee pollen, bee wax and bee venom, which have long been recognized for their pharmacological
and health-promoting benefits. Scientists have discovered that periodontal disorders stem from
dental biofilm, an inflammatory response to bacterial overgrowth produced by dysbiosis in the oral
microbiome. The bee products have been investigated for their role in prevention of oral diseases,
which are attributed to a myriad of biologically active compounds including flavonoids (pinocembrin,
catechin, caffeic acid phenethyl ester (CAPE) and galangin), phenolic acids (hydroxybenzoic acid,
hydroxycinnamic acid, p-coumaric, ellagic, caffeic and ferulic acids) and terpenoids. This review aims
to update the current understanding of role of selected bee products, namely, honey, propolis and
royal jelly, in preventing oral diseases as well as their potential biological activities and mechanism of
action in relation to oral health have been discussed. Furthermore, the safety of incorporation of bee
products is also critically discussed. To summarize, bee products could potentially serve as a therapy
option for people suffering from a variety of oral disorders.

Keywords: bee products; honey; propolis; royal jelly; oral care; bioactivities; oral pathology

1. Introduction

Honey bees are members of the genus Apis, which means “bee” in Latin. The prefix
“api” is frequently used in beekeeping terms such as apiarist or a beekeeper. Apitherapy
is defined as the use of beehive produces such as honey, pollen, royal jelly, propolis, bee
venom and wax for treating and healing of ailments as well as in boosting the human
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immune system [1,2]. The origin of apitherapy can be pinpointed to more than 6000 years
back in medicine of ancient Egypt [3]. The bee products are rich in natural antioxidants,
and these are commonly used as natural remedies for health maintenance in traditional
medicine in many countries. Honey bee products are popular among people of all ages,
and are used across cultural and ethnic boundaries, and all religious and cultural beliefs
promote and embrace the usage of honey bee products [4]. Among the various bee products,
honey, propolis, and royal jelly have been discussed for improving oral health in the
present review.

Natural honey is the world’s oldest sweetener, with records indicating that it was used
around the planet several million years ago [5]. Honey is produced by the honey bees that
collect nectar from flowers and process it through repeated digestion and regurgitation.
It comprises fructose (38.5%), glucose (31%), other sugars (12.9%), water (17.1%), protein
(0.5%) and minerals such as Ca, Co, Fe, Mg, Mn, Zn, Na, F and K [6,7]. In addition, it
comprises valuable bioactive compounds, such as phenolic acids, carotenoids, flavonoids,
organic acids, ascorbic acid, enzymes and other proteins [8–11].

Propolis, also known as “bee glue”, is the third most important bee product after
honey and wax. The term “propolis” comes from the Greek words “pro” for defense and
“polis” for city or community [12]. Its complex composition includes phenolic compounds
(58%), beeswax (24%), lipids and wax (8%), flavonoids (6%), terpenes (0.5%), bio-elements
(0.5%) and other substances (3%) [13,14]. It provides thermal insulation and protects the
hive from invaders and is used to strengthen the hive by filling cracks and holes [13,15,16].

Royal jelly is a white, viscous jelly-like material secreted by worker bees’ hypopharyn-
geal and mandibular glands [17]. Royal jelly consists of water (50–60%), proteins (18%),
carbohydrates (15%), lipids (3–6%), mineral salts (1.5%) and vitamins [18–20]. With around
185 organic compounds, royalactin is one of the major royal jelly proteins (MRJPs) [18–20].
Besides polyphenolic and flavonoid compounds, royal jelly is rich in essential amino acids,
small peptides, fatty acids and vitamins. Other prominent carboxylic acids discovered
in royal jelly include sebacic acid (SA) and 10-hydroxy-2-decenoic acid (10H2DA), which
has not been recorded in any other natural raw material or even in any other apiculture
product [21].

According to a report, oral diseases are becoming a matter of concern globally [22].
Oral health, in turn, affects the systemic health. An increased risk of cardiovascular
diseases, digestive problems, diabetes and bacterial pneumonia has been reported in
patients with poor oral health [23]. Various studies have explained the unique bioactive
components of honey bee products that confer therapeutic and medicinal properties and
improve the overall health. The bioactive compounds found in honey, propolis and royal
jelly are known to possess antioxidant, anti-microbial, anti-inflammatory, anti-cancer,
anti-ulcer, immunomodulatory, neuromodulatory and metabolic syndrome preventing
activities [24–36]. Due to these properties, these products are being used/or show wide
applications in preventing oral diseases like stomatitis, mouth ulcers, dental caries, plaque,
gingivitis, periodontitis, cavity infection, dentin hypersensitivity, oral cancer, malodor and
mucositis [15,37–40].

In today’s health-conscious society, honey bee products are gaining attention in tradi-
tional and modern medicine [41]. Application of bee products alleviates the consequences
of oral disorders in a cost-effective manner. Thus, it is a challenge for researchers all over
the world to make their effective use and realize their maximum medicinal benefits. There
are no critical miscellanea on key facts about the role of bee products in treatment of
oral diseases. As a result, the focus of this review will be on the major bioactive compo-
nents, possible pharmacological characteristics and mechanism of action of bee products
in the treatment of oral diseases. Figure 1 depicts the various components as discussed
in this review.
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2. Bioactive Compounds of Bee Products in Relation to Oral Health

Natural bee products (honey, propolis and royal jelly) are generally considered as
high-quality sources of bioactive compounds, having impressive biomedical potential. The
therapeutic effect of these products is associated with their bioactive composition and plant
source from which they are derived [42].

Bioactive Compounds

Honey is rich in bioactive compounds such as phenolic acids and flavonoids, which
contribute to its beneficial properties [8–10,43]. The composition of these compounds in
honey can vary based on factors such as environmental conditions, geographical loca-
tion, production process, and the specific flora from which the honey bees collect nec-
tar [10,15,43,44]. Dark-colored honey is believed to contain higher levels of bioactive
chemicals compared to light-colored honey. For example, manuka honey has been found
to contain compounds such as pinocembrin, chrysin, pinobanksin, kaempferol, luteolin,
isorhamnetin, galangin, sakuranetin, quercetin and magniferolic acid [45]. Similarly, honey
produced from different plant sources, such as Echium plantagineum L., may exhibit varia-
tions in their phenolic acid and flavonoid content [46]. Flavonoids are another significant
group of bioactive components found in honey. Their content can vary among different
honey types, with values ranging from 1.93 to 21.16 mg of quercetin equivalents per 100 g
in samples such as sunflower and Heather honey [47]. Flavonoids possess antioxidant
properties and contribute to protecting cell membranes by reducing lipid peroxidation
and scavenging free radicals [48,49]. The composition of flavonoids in honey is influenced
by floral origin and geographical location. For example, chrysin and apigenin are com-
monly found flavonoids in honey from Spain and New Zealand, while orange blossom
honey has a significant amount of quercetin [50]. Propolis, another bee-derived product,
contains bioactive compounds such as flavonoids (apigenin, acacetin, chrysin, catechin,
naringenin, luteolin, galangin, kaempferol, rutin, pinocembrin, myricetin and quercetin)
and phenolic acids (cinnamic acid and caffeic acid) [51–53]. The composition of propolis
varies depending on its geographical and botanical origins [54]. Cinnamic acid derivatives
and flavonoids, collectively known as citrin and vitamin P, are considered prime bioactive
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compounds in propolis [4,55]. The specific composition of propolis differs among regions,
with caffeic acid phenethyl ester (CAPE) being the most common compound in temperate
propolis, geranyl flavanones prevalent in Pacific and African propolis, and prenylated
phenyl propanoids, acetophenones, terpenoids and aromatic acid derivatives found in
tropical regions [4,55].

Royal jelly is composed of a small amount of minor bioactive compounds, including
flavonoids such as flavanones (hesperetin, naringenin, isosakuranetin), flavones (chrysin,
acacetin, luteolin, epigenin and its glycoside), flavonols (kaempferol and isorhamnetin
glycosides) and isoflavonoids (coumestrol, genistein, formononetin) [18,56,57]. Phenolic
acids such as octanoic acid, dodecanoic acid, pinobanksin and 1,2-benzenedicarboxylic
acid, along with their esters, are also present in royal jelly [18,56]. The concentration of
these phenolic acids and flavonoids in royal jelly is influenced by several factors, including
the type of plants used by bees, seasonal variations and environmental factors [58,59]. In a
study by Nagai and Inoue [60], the total phenolic compound content in royal jelly powder
was reported as 21.2 µg/mg in water and 22.8 µg/mg in an alkaline extract. Different
bioactive compounds in bee products and their actions are represented in Table 1.

Table 1. Bioactive compounds with their biological activities in bee products.

Source of Bee
Product Group Bioactive Compounds Biological Activity References

Honey

Flavonoids

flavonoles (a,b,c,g quercetin, b,g galangin, b,f,g fisetin, b myricetin)
flavanones (a,b pinocembrin, c pinobanksin, e naringenin, c,e hesperetin)
flavones (c,f apigenin, b,g acacetin, b,c,f chrysin, b,c,e Luteolin, c genistein,
b wagonin) and b caffeic acid phenethyl ester

a anti-microbial
b anti-cancer
c anti-inflammatory
d anti-fungal
e antioxidant
f anti-bacterial
g anti-allergic
h anti-genotoxic
i neuroprotective
j anti-anxiolytic
k chemoprotective
l anti-proliferative

[61–65]

Phenolic acid
h,i p-coumaric acid, j gallic acid, e,k,l ellagic acid, c,e,i ferulic acid,
b,e syringic acid

[64]

Propolis

Flavonoids

flavonoles (a,b,c,g quercetin, b,g galangin, b,f,g fisetin)
flavanones(a,b pinocembrin)
flavones (c,f Apigenin, b,g acacetin, b,c,f chrysin) and b caffeic acid
phenethyl ester (CAPE)

[61–63]

Phenolic acid

a 2,2-dimethyl-8-phenylchromene, a,b,c 4-hydroxy-3,5-diprenyl cinnamic
acid (artepillin C), a 3-prenyl cinnamic acid allyl ester, b kaempferide,
d benzofuran,

[61]

Terpenoid
d isocupressic acid, b symphyoreticulic acid, a,b,e procrim a and b,
a,b,e lupeol, d farnesol

[61,66]

Royal jelly

Flavonoids

flavonoles (e.g., a,b,c,g quercetin, b kaempherol, b,g galangin and
b,f,g fisetin)
flavanones (e.g., a,b pinocembrin, c naringin, c,e hesperidin and
isosakuranetin)
flavones (e.g., c,f apigenin, b,g acacetin, b,c,f chrysin and b,c,e luteolin)

[67]

Phenolic acid 2,2-dimethyl-8-prenylchromene, 3-prenyl cinnamic acid allyl ester,
artepillin C [63]

Terpenoid isocupressic acid, labdane diterpenoid [63]

The bioactive compounds and their associated biological activities are presented in subscripted small letters.

3. Biological Activities of Bee Products in Relation to Oral Health
3.1. Antioxidant Activity of Bee Products and Its Effects on Diseases of the Oral Cavity

Honey has been reported to show antioxidant activity since the phenolic level is re-
lated to radical scavenging activity of honey and other bee products [64–66]. Polyphenols
are regarded to be the key components responsible for honey and bee products’ antioxidant
properties. These components have the ability to counteract the effects of oxidative stress,
which is a key factor in the development of many diseases. [67]. In the area of dental
medicine, the awareness of the potential benefits of bee products as antioxidants is rising.
During normal metabolism, reactive oxygen species (ROS) are generated, which include
free radicals (superoxide anion radical, hydroxyl radical, etc.) and non-radical molecules
(hydrogen peroxide, singlet oxygen, lipoperoxides, etc.). These ROS interact with lipids,
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protein components in the cell membranes, enzymes and DNA of cell and may cause dam-
age to them, which, in turn, may lead to various diseases. The antioxidants are compounds
that seize free radicals before they can cause damage to the cell as they donate hydrogen
atoms from their hydroxyl groups to free radicals [68]. According to Zhang et al. [32],
polyphenols have the capability to control the nuclear factor kappa B (NF-κB), which is
associated with modulating cell signaling pathways involved in cancer and inflammation.
Antioxidants are generally given as oral ingestion, diet or vitamin supplements and in the
form of nutraceuticals. Natural antioxidants that can be applied topically such as mouth
rinse, gel, paste, gum, or lozenge compositions are nowadays gaining importance. These
topical antioxidants may help to reduce ROS, which may act as inflammatory factors in the
development of gingival and periodontal problems [69].

Honey has a high level of antioxidant activity and can lessen the effects of oxida-
tive reactions that produce free radicals. Buckwheat and Heather honey are typically
dark brown or black in color and are the richest sources of antioxidants and can ame-
liorate oxidative stress [70,71] while manuka honey has been reported to be rich source
of flavonoids and also possesses higher antioxidant properties in comparison to other
types of honey. Kishore et al. [72] compared antioxidant activity of Tualang, Indian forest,
pineapple and Gelam honey samples and reported highest antioxidants in Tualang honey
collected from Tulang honey bees in forests of Malaysia. Rosa et al. [73] studied TPC and
antioxidant activities in Asphodel, Acacia, Eucalyptus, Heather, Citrus, Honeydew and
Strawberry tree honey samples and found that Strawberry tree honey expressed the highest
2,2-diphenylpicrylhydrazyl (DPPH) and ferric reducing ability of plasma (FRAP) activities.
They further reported 2,5-dihydroxyphenylacetic acid and homogentisic acid (HGA), major
phenolic compound and a chemical marker for strawberry tree honey, were the potent an-
tioxidants. Alvarez–Suarez et al. [74] reported significant radical scavenging activity in the
ether-soluble phenolic extracts of Cuban honeys. Yuslianti et al. [75] used Rambutan honey
to investigate free radical scavenging capacity (in vitro) and lipid peroxidation inhibition
of oral mucosal wounds (in vivo) in male Wistar rats. They reported that 1 mg/mL honey
showed 45.3% DPPH inhibition. Significant (p = 0.028) reduction in lipid peroxidation in
oral mucosa wound tissue was observed. Toczewska et al. [76] reported that the antioxidant
capacity in gingival crevicular fluid and saliva of periodontitis patients is diminished as a
result of the chronic inflammatory process, which further makes proteins, lipids and DNA
prone to oxidative damage and may result in the progressive devastation of the periodontal
attachment apparatus. The beneficial effect of honey rich in polyphenolic compounds
in enhancing the antioxidant capacity of oral fluids has been reviewed [77]. According
to Ding et al. [78], the antioxidant properties of polyphenols appear to give significant
protection against oral malignancies. Phenolic chemicals aid in the treatment of periodontal
disease, the strengthening of teeth and the prevention of tooth decay [79–81]. Patients with
recurrent aphthous stomatitis (RAS) exhibited considerably lower salivary antioxidant
levels than healthy controls, according to Babaee et al. [82]. They correlated that ulcerations
created ROS, which resulted in a reduction in antioxidant compounds in the mouth. Honey,
when applied topically, has antioxidant components that can help minimize the effects of
ROS activity during the development of ulcers.

Propolis possesses high concentration of phenolics [83] and is well-known for its an-
tioxidant and radical-scavenging properties [61,81]. Bioactive substances such as pinocem-
brin, chrysin and pinobanksin have high antioxidant and anti-radical properties [82]. In
DPPH and ORAC tests, pinobanksin-3-acetate was found to be the most powerful antiox-
idant component [84]. Fabris et al. [85] studied ethanol extracts of Russian and Italian
propolis and found similarity in their total phenol content and antioxidant activity while
low levels of phenolics and antioxidants were observed in ethanolic extract of Brazilian
propolis. Zhang et al. [32] reported that antioxidant activity in Brazilian green propolis was
due to 4,5-dicaffeoylquinic acid, 3,4,5-tricaffeoylquinic acid, artepillin C compounds and
3,5-dicaffeoylquinic acid. Total polyphenol and total flavonoid levels in poplar propolis
contribute to antioxidant action [86]. In vitro investigations by Kumari et al. [87] and
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Bonamigo et al. [88] reported that propolis extracts were discovered to have antioxidant
properties similar to the synthetic antioxidants, butylated hydroxytoluene or ascorbic acid.
The total phenolic content (TPC), antioxidant activity and free radical scavenging activ-
ities (FRSA) of 70 Turkish samples of various honey bee products (honey, pollen, royal
jelly and propolis) and their mixtures were examined by Ozkök and Silici [89]. Among
the studied samples, honey bee propolis exhibited highest antioxidant and FRSA activity.
Moreover, TPC was also found to have a positive relationship with antioxidant activity and
FRSA. Kocot et al. [90] evaluated the total phenolic content (30 to 200 mg gallic acid equiva-
lents/g DW), DPPH free radical-scavenging activity (20 to 190 g/mL) and flavonoid content
(30 to 70 mg quercetin equivalents/g) of several propolis extracts. Aghel et al. [91] studied
the useful result of propolis antioxidants on saliva in the test animals. El-Sharkawy [92]
used propolis as a dietary supplement and found that when compared to the control group,
the propolis-treated group had a substantial decrease in pocket depth (PD) and a rise in
clinical attachment level (CAL), which could be due to antioxidant activity and other propo-
lis properties. Giammarinaro et al. [93] compared the propolis efficacy with chlorhexidine
in 40 patients of gingivitis and found that propolis-treated patients had improved results
in terms of oxidative stress markers in their saliva, as well as significant improvements in
their periodontal health. CAPE, extracted from propolis, is a strong antioxidant compound
that is potentially used in oral squamous cell carcinoma (OSCC) patients for adjuvant
therapy [38].

Royal jelly has been found to have antioxidant action owing to its total phenolic
content, fatty acids and proteins. The small peptides contained in royal jelly, which are
made up of 2–4 amino acid residues, have a high antioxidant activity. Tyrosine residues
at the C-terminus of most active peptides in royal jelly allow them to scavenge hydroxyl
radicals and H2O2 [94]. Nagai and Inoue [60] investigated the antioxidative activity and
scavenging ability of protein fractions of royal jelly against free radicals such as the DPPH
(1,1-diphenyl-2-picrylhydrazyl) radical, hydroxyl radical and superoxide anion radical.
The antioxidant effect of royal jelly was studied by Silici et al. [95], who found a decrease in
malondialdehyde levels and an increase in catalase superoxide and glutathione peroxidase
dismutase activities. Park et al. [96] studied the assays of purified recombinant Apis mellifera
major royal jelly proteins (AmMRJPs) and found that these proteins displayed radical-
scavenging activity with 1,1-diphenyl-2-picrylhydrazyl and protection against oxidative
DNA damage. Effect of the harvest time and the initial larval age has significant effect on
the antioxidant potential in Royal jelly. Royal jelly collected 24 h after the larval transfer
had the highest antioxidant activity in terms of DPPH radicals, prevention of linoleic acid
peroxidation and reducing power [97]. Anatolian royal jelly samples were examined by
Kolayli et al. [21] for their chemical composition and antioxidant capabilities. The total
phenolic content ranged from 91.0 to 301.0 mg gallic acid equivalents/kg fresh weight.
Anatolian royal jelly samples were found to be similar with other royal jelly samples around
the world. Balkanska et al. [98] evaluated the antioxidant activity of royal jelly (RJ) collected
from different areas of Bulgaria. The FRAP and total polyphenols showed variability and
values ranged from 0.44–8.49 mM Fe2+/g and from 11.66–36.73 (mgGAE/g) for FRAP and
total polyphenols, respectively. Uçar and Barlak [99] studied the antioxidant activity of
water, dimethyl sulfoxide (DMSO) and methanol extracts of royal jelly from Bursa province
in Turkey and found all the extracts showed total phenol content (TPC) and free radical
scavenging capacity. The Table 2 represents the different biological activities of bee products
and their relation in improving the oral health.
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3.2. Anti-Microbial Activity of Bee-Based Products and Its Effects on Diseases of the Oral Cavity

The microbial flora associated with oral disease is diverse, including aerobic and anaer-
obic bacteria, viruses, parasites and other pathogens [113,114]. Oral microbial infections
have been treated with a variety of agents, like amine fluorides, chlorhexidine, cetylpyri-
dinium chloride and ethanol, which are commonly present in mouthwashes. But these have
been proven to discolor teeth and may be toxic and cause oral malignancies, as well as have
an undesirable taste [115]. Furthermore, the interest in such natural product as a possible
source of novel antimicrobials has grown due to a concurrent decline in the number of
effective antibiotics available and the ever-increasing prevalence of antibiotic resistance
among pathogenic bacteria [116,117]. Natural substances discovered in bee-based product
such as honey, propolis and royal jelly have been used for its anti-bacterial, anti-fungal
and antiviral activities as well as anti-microbial benefits [118]. The antimicrobial properties
of propolis against oral pathogens are attributed to the flavonone pinocembrin, amyrins,
flavonol galangin and the caffeic acid phenethyl ester by inhibiting the bacterial RNA
polymerase [119].

3.2.1. Anti-Bacterial Activity of Bee-Based Products and Its Effects on Diseases of
the Oral Cavity

Numerous bacterial microbiotas inhabit in the mouth cavity with Streptococcus mutans,
Porphyromonas gingivalis, Staphylococcus and Lactobacillus being the common oral bacte-
ria [120]. Lactobacillus is a bacterium that produces lactic acid by fermenting sugar, which
can easily cause caries [121]. P. gingivalis is a periodontal pathogen that is a Gram-negative
anaerobic bacterium of non-glycolytic nature. P. gingivalis, if left untreated, could cause the
teeth to fall off from gums. Further, anti-bacterial resistance has become a major problem
globally that has prompted scientist community to study active ingredients used before the
antibiotic era. Van Ketel, a Dutch scientist, was the first to identify honey’s bactericidal prop-
erties in 1892 [122]. This anti-bacterial activity is attributed to its properties which include:
(i) its hygroscopic nature that can draw moisture out of the environment and dehydrate
bacteria, (ii) its high sugar content and acidity (low pH) that prevents the microbes from
growth [123], (iii) presence of hydrogen peroxide and phenolic acids [124], flavonoids [125]
and lysozyme [126] as oxidizing agents restrict the bacterial responses to proliferative sig-
nals due to which bacterial growth remains arrested [127], (iv) phytochemical components
like methylglyoxal (MGO) (non-peroxide) trigger modifications in the shape of bacterial
flagella and fimbriae that impede bacterial adhesion and motility [128,129] and (v) an anti-
microbial peptide, bee defensin-1 [130]. Honey’s pH (3.2–4.5) is low enough to suppress
specific bacterial infections, such as Salmonella spp. (4.0), E. coli (4.3), P. aeruginosa (4.4) and
S. pyogenes (4.5) [131], and enhances the healing process of wound through epithelializa-
tion [132]. Moreover, its anti-bacterial action was not shown to be affected by loss of its
acidity after dilution [133]. Shiga et al. [134] reported the antibacterial action of honey was
derived from methylglyoxal component, which help in oral disorders like halitosis (a bad
breath condition). Honey is also used to prevent dental plaque, gingivitis, mouth ulcers
and periodontitis. Honey may decrease dental plaque production and aid in reducing
gingivitis associated with orthodontic operations, according to a study conducted by Patel
et al. [135] on bacterial isolates collected from patients receiving orthodontic treatment.
Honey inhibits anaerobic bacteria, which helps to prevent periodontal disease caused by
Porphyromonas gingivalis [136]. In a trial of 150 dyspeptic individuals, honey consumption
at least once a week dramatically reduced the chance of Helicobacter pylori infection. [137].
Honey can be used to replace glucose in oral rehydration, and its anti-bacterial qualities
helped to shorten the duration of bacterial diarrhea [130].

The anti-bacterial properties of propolis have also been reported due to presence
of caffeic acids, benzophenone derivatives, ferulic acid, prenylated coumaric acid and
diterpenic acids [12,138–141]. The anti-bacterial properties of propolis have been shown
to prevent the formation of bacterial plaques [142]. When compared to chlorhexidine,
propolis solutions had a lesser cytotoxic effect on human gum fibroblasts. Mouthwashes
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containing propolis were discovered to have anti-bacterial action towards S. mutans and has
been used as an alternative treatment for dental caries prevention [143]. Propolis fluoride
was administered to teeth of children with dental caries surface to investigate the efficacy
of propolis in combating dental caries. In another study, researchers treated individuals
with a 10% hydroalcoholic solution of propolis extract, who were suffering from chronic
periodontitis, and discovered a 95% reduction in chronic periodontitis [144]. It played an
important role in the repair of tooth pulp [145]. The combined use of mouthwash and
toothpaste with ethanolic extract of propolis improved the prevention of microbial infection
and the treatment of gum inflammation [15,146].

The protein components of royal jelly like RJ proteins, royalisin, jellenies and enzymes,
such as glucose oxidase, have significant anti-microbial potential [147]. The fatty acid
10-HDA, which also has immunomodulatory effects, is responsible for royal jelly’s anti-
bacterial capabilities [148]. Terada et al. [149] found that the fatty acids contained 32%
(10-HDA), 24% gluconic acid, 22% 10-hydroxydecanoic acid (HDAA), 5% dicarboxylic
acids and several other acids, which effectively suppressed oral pathogens S. viridans and
S. mutans as well as S. aureus and S. epidermis. Overall, royal jelly is a natural product
having minimal side effects that works in synergy with other anti-plaque agents. Therefore,
it can be used as an alternative to synthetic antibiotics [150].

3.2.2. Anti-Fungal Activity of Bee-Based Products and Its Effects on Diseases of
the Oral Cavity

In human mouth, around 85 different fungi could be found and the most signifi-
cant one is Candida [151]. When the oral microbiota is balanced, Candida sp. remains
neutral; nevertheless, if the equilibrium is disrupted, this fungus will seek a chance to
harm oral health. The Candida species, particularly Candida albicans, are major human
fungal pathogens that can cause superficial oral mucosal infections often known as Can-
didiasis. According to reports, honey, propolis and royal jelly have anti-fungal properties
against Candida albicans. Honey is also effective against dermatophytes (Microsporum
ferrugineum, Trichophyton mentagrophyte, Trichophyton longfeuseus, Trichophyton semmie, Tri-
chophyton tonsurance), parasitic fungi (Allescheria boydii), saprophytes (Mucor mucaralis)
and Aspergillus species, according to Sheikh et al. [152]. Honey’s anti-fungal action has
been associated with: (i) H2O2, which is formed in honey after dilution as a result of
glucose oxidation [153,154], (ii) MGO, bee defensin-1 and other bee substances (e.g., phe-
nolic compounds and flavonoids of floral origin and lysozyme), and (iii) honey’s osmotic
impact. The honey’s mode of action, which inhibits biofilm development or accelerates
the rupture of mature biofilms, includes the breakdown of cell membrane integrity and
suppression of extracellular polysaccharide matrix creation [155]. Honey could be used
to treat oral candidiasis so as to prevent infections from becoming more severe. In pilot
research conducted by English et al. [156], patients were given chewable ‘honey leather’
and showed a substantial reduction in mean plaque scores and bleeding sites; the same
strategy could be used to treat oral candidiasis. The flavonoid content of propolis confers its
anti-fungal properties and also prevents division of fungal cell that further disrupts fungal
cell wall and cytoplasm and which is comparable to several antibiotics [157]. Geopropolis
produced by bees such as M. fasciculata possesses anti-fungal characteristics, according
to Feres et al. [158]. In recent in vivo studies, geopropolis produced by M. fasciculata was
reported to lower salivary S. mutans populations. This anti-fungal effect is attributable
to caffeic acid derivatives (benzyl ester and pterostilbene) and flavonoids (sakuranetin,
pinobanksin and pinocembrin) found in bee propolis. Propolis extract applied topically
to oral Candida albicans lesions achieved remission in three weeks, with treatment efficacy
comparable to nystatin, the most commonly used anti-fungal medication [159]. Royalisin
is an insect defensin extracted from the royal jelly (RJ) and its inhibitory effect against a
large spectrum of fungi was observed [160–162]. Royalisin has also been shown to have
anti-fungal effect against Botrytis cinerea [163]. According to Melliou and Chinou [164],
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royal jelly carboxylic acids such as sebacic acid have high anti-fungal action against Candida
albicans, Candida tropicalis and Candida glabrata.

3.2.3. Antiviral Activity of Bee-Based Products and Its Effects on Diseases of
the Oral Cavity

The oral microbiome also contains viruses, primarily phages [165]. When human body
is acquainted with certain diseases, other certain viruses may also arise in the mouth, for
example, mumps virus [166] and HIV [167] are the most frequent. The DNA and RNA
based viruses are responsible for oral cavity infection in the mucosal epithelium, which
may further lead to ulceration or blistering [168]. Human herpes virus (HHV) members
including varicella-zoster virus (VZV), HSV-1 and 2, HHV-6, HHV-7, and HHV-8, cy-
tomegalovirus (CMV), human papillomaviruses (HPV) and Epstein-Barr virus (EBV) cause
primary oral infections and diseases such as herpes ulcers, tumors, herpes zoster, precancer-
ous lesions, periodontitis and herpes chicken pox etc. The oral mucosa may also be affected
by secondary pathological processes [169]. Honey’s efficacy in the treatment of recurrent
HSV lesions and oral mucositis in cancer patients has been well documented [30,170,171].
Antiviral effects of propolis have been established against a wide spectrum of viruses. Pa-
gani [172] studied the antiviral activity of propolis flavonoids such as acacetin, kaempferol,
chrysin, quercetin and galangin against diverse types of adenoviruses, influenza viruses, ro-
tavirus, herpesvirus and coronavirus. Serkedjieva et al. [173] found that propolis phenolics,
particularly isopentyl ferulate, have potent antiviral properties against the H3N2 influenza
A virus. It is often applied in the treatment of diseases involving the oral cavity and gums.
Antiviral effects of propolis against herpes viruses are also promising. In vitro studies
have also revealed that the flavonoids present in propolis inhibited herpes virus strains
from replicating intracellularly [174]. Using the plaque assay approach, in an extra-somatic
environment, Hashemipour et al. [175] studied the antiviral properties of honey, royal jelly
and acyclovir on herpes simplex virus-1. Honey, royal jelly and acyclovir at concentrations
of 500, 250 and 100 g/mL, respectively, had the strongest inhibitory effects on HSV-1.

3.2.4. Anti-Inflammatory Activity of Honey Bee-Derived Products and Its Effects on
Diseases of the Oral Cavity

Inflammation is the immune system’s natural innate response to infections, resulting in
the development of diverse cellular and humoral immunological responses [176]. Parallelly,
oxidative stress occurs when the equilibrium favors free radical formation over antioxidant
components. Inflammation and oxidative stress are linked through a number of signaling
mechanisms [27]. Reactive oxygen species (ROS) produced by mitochondria activate a num-
ber of transcription factors involved in the production of pro-inflammatory cytokines and
mediators (NF-κB, extracellular signal-regulated kinase/ERK, janus kinase/JNK, mitogen-
activated protein kinase/MAPK). Similarly, a few cytokines, such as TNF-α and IL-1, can
cause mitochondrial ROS generation [177]. Metabolic and cellular alterations are caused by
the interaction of ROS with pro-inflammatory cytokines. In other words, the initiation of
an uncontrolled inflammatory process in the presence of oxidative stress is a key element in
the pathophysiology of chronic diseases like mental, cardiovascular, traumatic, metabolic
and autoimmune diseases. Stomatitis, or inflammation of the mouth’s mucous membranes,
can cause redness and swelling of the oral tissues as well as prominent and painful ulcers.

Honey has been proposed as an immunologic modulator with two functions: (1) anti-
inflammatory activities by downregulating inflammatory transcription factors (NF-κB and
MAPK) and/or suppressing the production of pro-inflammatory cytokines, and (2) stimu-
lation of inflammatory mediators such as prostaglandin E2 (PGE2) and cyclooxygenase-2
(COX-2) [178]. Honey is superior to dextromethorphan and diphenhydramine for the treat-
ment of cough-induced upper respiratory infections. Honey is useful against stomatitis
because it penetrates fast into the tissues [179,180].

Many studies have found that propolis has anti-inflammatory activities, which may
be because of phenolic acids, notably CAPE. Anti-inflammatory properties of propolis
are commonly used in mouthwashes. CAPE, in particular, has been proven to have anti-
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gingivitis properties [181]. Furthermore, in randomized, double-blind, placebo-controlled
studies, rinse solutions containing Brazilian green propolis with higher artepillin C con-
centration decreased gingivitis to same extent as a NaF/cetylpyridinium chloride rinse
or a chlorhexidine solution [169]. Royal jelly has been shown to have anti-inflammatory
properties [182]. The key anti-inflammatory and immunosuppressive component of RJ that
promotes anti-allergic response has been identified as major royal jelly protein 3 [183].

3.2.5. Anti-Cancer Activity of Bee Products in Relation to Oral Health

Oral cancer refers to malignant tumors that develop in mouth, and the majority
includes squamous cell carcinoma, also known as mucosal variation. In clinical practice,
gingival, jaw, tongue, oropharyngeal, soft and hard sputum, salivary gland, lip, maxillary
sinus and face mucosal are all examples of oral cancer [184]. There are several strategies
that can combat cancer, but many of them are associated with detrimental side effects on
the health of patients As a result, when chemotherapy and radiotherapy are employed
systemically or over a large area of tissue to kill malignant cells, they often affect healthy
cells as well, resulting in undesirable side effects. Natural anti-proliferative compounds
are an excellent alternative. Several recent studies have found that several natural bee
products suppress tumor cell growth and spread and induce cancer cell apoptosis [185],
implying that these natural chemicals (or their active components) could be used as part of
an alternative medical treatment for human tumors.

Honey bee polyphenols have been demonstrated to have improved anti-cancer effects,
helping to prevent oral cancer initiation, proliferation and progression. Apoptosis, cell
cycle arrest, oxidative stress regulation, inflammation relief, increased mitochondrial outer
membrane permeabilization and angiogenesis suppression are all involved in mechanism.
Tualang honey inhibited cell proliferation and promoted apoptosis in oral squamous cell
cancer under in vitro conditions [186]. The anti-cancer action of crude honey extracts in
oral malignancies is most likely due to caspase 3 activation, which induces apoptosis [187].
Purified polyphenols, rather than crude honey, are currently being studied in cancer
research. Caffeic acid, phenyl esters, galangin, kaempferol, acacetin, chrysin, quercetin,
pinobanksin, apigenin and pinocembrin are simple polyphenols found in honey bees that
are prospective pharmacological agents in cancer treatment [187], but cancer of colon,
gastric tract, skin, fibrosarcoma and glioma cell have all been shown to be resistant to these
phenolic chemicals.

Propolis is an effective antioxidant in the treatment of oral cancer due to presence of
high concentration of phenolics and another antioxidant. When glutathione synthesis is low,
tumor cells are more vulnerable to radiation impacts [188]. Propolis produces glutathione
in hematopoietic tissue, which has anti-cancer properties [189]. Propolis is used as a
supplement to help people avoid chronic degenerative disorders like mouth cancer [190].
Propolis contains caffeic acid phenyl ester (CAPE), which possesses anti-mitogenic and
anti-cancer characteristics [191]. CAPE could be used as an adjuvant treatment for people
with oral squamous cell cancer (OSCC). Because of its high oral absorption and long-term
safety profile, propolis is an ideal adjuvant medication for future immunomodulatory or
anti-cancer regimens [190]. Flavonoids in propolis stop oral cancer as well as esophagus,
stomach, colorectal, prostate and skin cancer [67].

In experimental animals, RJ has shown pharmacological actions, including anti-tumor
activity [192]. RJ’s anti-tumor effects were studied using transplantable mice tumors, in-
cluding advanced leukemia strains and solid tumors [185]. In murine tumor models, effects
of RJ formation of tumor and metastasis were investigated [193]. A spontaneous mammary
carcinoma (MCa) and a methylcholanthrene-induced fibrosarcoma (FS) of the CBA mouse
were employed as transplantable murine tumors. When injected intra-peritoneally or sub-
cutaneously, RJ had no effect on metastases while intravenous administration of tumor cells
and RJ dramatically reduced the metastases growth. Royal jelly components like 10-HDA
and 4-hydroperoxy-2-decenoic acid ethyl ester possess high anti-proliferative effect.
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4. Applications of Bee-Based Products in Managing oral Diseases

In recent years, increased implementation of honey bee products like honey, propolis
and RJ as an alternative medicine has been witnessed due to their health-promoting ac-
tivities such as antioxidant, anti-microbial, anti-bacterial, anti-inflammatory, anti-cancer,
etc. [25–28,194]. Honey is employed in treatment of multiple oral ailments such as dental
caries, gingivitis, oral cancer, plaque, malodor, radiation-induced oral mucositis and xe-
rostomia [195–197]. Similarly, role of propolis has been shown to help with dental caries
prevention, oral mucositis reduction, oral cancer prevention and gingival and periodontal
disease prevention [37–39]. It also reduces dental hypersensitivity and dentin permeability
as well as obstruction of dentinal tubules. It works as a transport medium to improve the
periodontal ligament cell viability of avulsed teeth as well as for direct pulp capping and
analgesia [198,199]. In another study, a positive effect of royal jelly (with anti-microbial ac-
tivity) on periodontium has been found and that makes it a valuable agent in dentistry [200].
Figure 2 presents the mechanism of action of polyphenols in maintaining oral health.
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4.1. Gingivitis

Gingivitis arises due to bacterial presence in plaque biofilm resulting in inflammation
of gingival tissues. Gingivitis can be treated with good oral hygiene practice, but failing
to do so can develop periodontal (gum) disorders leading to loss of alveolar bone and
periodontal ligaments attachment [201]. In terms of reducing gingival scores, mouthwash
containing manuka honey has been found to be equally efficient as chlorhexidine [202].
The principal infective bacterium responsible for persistent periodontal inflammation
is called Porphyromonas gingivalis. Levels of inflammatory cytokines, chemokines and
CD54 increase in inflammatory sites in periodontal lesions in response to P. gingivalis
lipopolysaccharides. It has been observed that consumption of royal jelly can inhibit the
development of periodontal infections [147].
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4.2. Dental Caries

The effectiveness of honey has been shown against 60 different species of bacteria,
including S. mutans, a heavily involved pathogen in dental caries [203]. Presence of bacteria
and fermentable carbohydrates along with a susceptible tooth surface are all etiological
factors for dental caries. Catechins cause irreversible damage to the microbial cytoplasmic
membrane, regulate biofilm production, decrease several cariogenic virulence factors and
increase dental caries prevention, according to Xu et al. [204]. Other polyphenols such
as flavonols, myricetin and proanthocyanins also work in a similar way by disrupting
biofilm development, which inhibit attachment of oral harmful bacteria and reduce acid
production by S. mutans [205]. Numerous studies have demonstrated anti-bacterial activity
of propolis against caries-causing bacteria with no side effects in animal/human models.
Fatty acids in propolis act as an anti-caries agent by limiting acid generation and reducing
the microorganism’s tolerance to low pH [206]. Hayacibara et al. [207] investigated the
impact of propolis on S. mutans vulnerability, caries development and glycosyl transferase
activity in rats, concluding propolis extract as an anti-caries agent. Nam et al. [208] reported
that propolis prevents dental caries by inhibiting the cell division and enzyme activity of
bacteria. Propolis has also been incorporated into certain products to prevent caries.

Current research has shown that apigenin and trans-trans farnesol may have biological
activity against dental caries by suppressing several virulence associated genes (GtfB and
C in S. mutans) by apigenin [209]. Topical treatments of 1 mM apigenin, 5 mM tt-farnesol
and 13 mM fluoride combination twice a day inhibited the production of S. mutans biofilms
in the experimental organisms, according to Koo et al. [205]. Likewise, in an in vitro tooth
avulsion model, royal jelly solution was observed to be more effective compared to milk
and Hank’s balanced salt solution for preservation and transportation [39,210].

4.3. Oral Cancer

Oral cancer is among the sixth common type of cancer reported globally [209]. Patho-
logically, oral squamous cell carcinoma (OSCC) is most widespread contributing remark-
ably for 84–97% of all cases [211,212]. Tualang honey has been found to exhibit chemo-
preventive activity due to its phenolic acids and flavonoids in an animal model against
4-nitroquinoline 1-oxide-induced oral cancer [167,213]. Mahmood et al. [214] revealed
that Trigona itama honey may be an effective chemotherapeutic adjunct in managing
HSC-2 cells derived from OSCC. The anti-cancer activity of crude honey extraction in
oral cancer appears to be associated with polyphenolic chemical-induced apoptosis via
caspase 3 activation. Chrysin, caffeic acid, acacetin, galangin, kaempferol, phenyl esters,
pinobanksin, quercetin, pinocembrin and apigenin are the most promising pharmacological
compounds identified in honey for cancer treatment. Because of their easy of application
in the mouth and established anti-cancer influence on other malignancies, polyphenolic
chemicals derived from bee products have a promising future in the creation of a natural,
non-toxic, effective alternative in oral cancer treatment [215].

Similar to honey, propolis is found to be one of the natural agents against oral can-
cer. The anti-cancer properties of propolis are attributed to its flavonoid compounds.
Dornelas et al. [216] discovered that pharmacological substances extracted from propolis
(artepilin C, p-coumaric acid, CAPE, quercetin, chrysin, caffeic acid and naringenin) had
lethal effects in cultured human tumor cells and shrink tumors in animals. CAPE was dis-
covered to suppress oral cancer cell metastasis by modulating matrix metalloproteinase-2
and MAP kinase pathway in another investigation, suggesting that it could be utilized as a
chemotherapeutic to prevent oral cancer metastasis [217]. Yanagita et al. [218] reported that
royal jelly reduces the production of interleukin 6 and CXC chemokine ligand 10 formation
from MPDL22 cells. CD54, a cell adhesion protein involved in the proliferation of leuko-
cytes in periodontal disorders, was also suppressed by royal jelly in MPDL22 cells. These
findings suggest that royal jelly has anti-inflammatory and osteoinductive effects, and it
may have a role in periodontal disease prevention.
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4.4. Oral Malodor (Halitosis)

Nowadays, oral malodor (halitosis) draws more attention as it is one of the causes of
interpersonal interaction issues. Halitosis can be treated by removing coated tongue with a
brushing tooth, tongue scraper, oral prophylaxis and anti-microbial mouth rinse. Patients
with oral squamous cell cancer who used manuka honey reported less halitosis, likely
due to the honey’s anti-bacterial activity and its ability to divert microbes’ nourishment
away from the production of malodor sulfur compounds and toward the production of
lactic acid [219,220]. Mouth rinse containing propolis had shown similar effects to those
containing essential oils in reducing oral malodor [221].

4.5. Oral Mucositis

Honey had been reported to alleviate the severity and duration of radiation-induced
oral mucositis (OM), an epithelial injury to the oral, laryngeal or pharyngeal mucosa pro-
duced by ionizing radiation during the second and third weeks of radiotherapy [37,222].
Raeessi et al. [223] observed that honey plus coffee regimen is the effective modality for
treating oral mucositis. Abdulrhman et al. [37] suggested the honey usage help in faster
healing of patients with chemotherapy-induced oral mucositis. RAS Noronha et al. [224]
reported that propolis gel with mucoadhesive properties could be used as a potential topical
treatment for preventing radiation-induced oral mucositis. Use of propolis assists in replan-
tation of avulsed permanent teeth as well as their healing after oral surgery by reducing
inflammation, accelerating the formation of granulation tissue and also imparting analgesic
effect [39]. According to Erdem and Güngörmüs [225], royal jelly extract demonstrated a
significant reduction in the signs, symptoms and healing time of oral mucositis. Similarly,
Yamauchi et al. [226] reported that RJ-treated patients had significantly less mucositis than
the non-treated group.

4.6. Xerostomia

Xerostomia is defined as a considerable reduction and/or thickening of saliva owing
to reduced salivary flow during radiation therapy for neck and head cancer [227]. Char-
alambous et al. [228] observed that thyme honey is an effective treatment for patients with
radiation-induced xerostomia. Thyme honey also enhanced overall quality of life and
relieved severe pain and dysphagia. Polyphenolic extracts of honey have been shown
to have synergistic effect with antibiotics (e.g., amoxicillin) and are now recommended
as a viable alternative to synthetic medications in the prevention and treatment of oral
illnesses [229].

4.7. Dentin Hypersensitivity

Dentin hypersensitivity (DH) occurs when dentin is exposed to any kind of stimuli
such as thermal, osmotic, evaporative, tactile or chemical stimuli. This exposure activates
the odontoblast process, resulting in an acute pain [230]. Recently, Tavares et al. [231]
reported propolis as an effective, safe and low-cost alternative of reducing DH. Number of
researchers [232–235] have shown evidences that propolis is a promising agent for reducing
DH. Current application of bee products and their role in the alleviation of oral pathologies
are presented in Table 3.
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5. Bee Products-Based Innovative Products for Oral Hygiene

Oral and dental and hygiene is practice of maintaining clean and healthy mouth and
teeth in order to avoid dental problems such as cavities, gingivitis, periodontal disease
and bad breath. Periodontal disorders are caused by poor oral hygiene, which can occur
at any age [246,247]. As a result, suitable and effective plaque reduction methods must
be implemented on a regular basis [247]. Mechanical approaches, however, may not be
practicable or sufficient. As a result, chemical preparations such as anti-bacterial mouth-
washes have been proposed as a complement to or replacement for mechanical plaque
control [248]. Chlorhexidine (CHX) is most commonly used mouthwash and considered as
golden standard against dental plaque [248,249]. However, long-term application of CHX is
associated with various adverse effects including changed taste sensitivity, staining of teeth
and burning sensation [249,250]. As a result, pharmaceutical companies are working to
develop natural-derived oral care products such as toothpaste, mouthwash and chewable
tablets or chewing gums based on bee products.

5.1. Bee Product-Based Toothpaste

Herbal toothpaste containing clove fruit, neem leaves, honey and Acacia powder
for maintaining oral hygiene was developed and it was found that the developed herbal
toothpaste was equally effective as per Bureau of Indian standards [251]. The propolis
containing toothpaste showed positive biological activity with respect to spectra of oral
microbiota without causing adverse effect and can be used as natural alternative to chemical
mouthwashes [252]. Similarly, the toothpaste developed using tea tree oil and propolis
extract was found to be effective in maintaining oral hygiene by quantitative reduction
in oral microbiota due to their anti-microbial and anti-fungal properties [253]. Propolis
based toothpaste is intended to prevent the formation of bacterial plaque and pathogenic
microflora, which can lead to tooth decay. It has been reported that propolis-based toothpaste
was more effective than calcium hydroxide-based toothpaste and showed good anti-bacterial
activity [254]. A patent application (CN102283795A) for the toothpaste preparation method
with propolis is under consideration. This invention claims effective control and treatment
of oral diseases like dental caries by reducing plaque bacteria [255]. Another patent applica-
tion (CN110755355A) for toothpaste containing propolis extract claims to inhibit pathogenic
bacteria in an oral cavity improves bleeding gum and maintain oral health [256].

5.2. Bee Product-Based Mouthwash

Mouth rinse has been quite popular due to its ease of use; however, chemical compounds
found in mouth rinses such as cetylpyridinium chloride, chlorhexidine and zinc chloride may
have side effects if used for long term [257,258]. Propolis-based mouth rinse or mouthwashes
have been studied by several researchers and observed great potential in reducing dental
plaque and gingival inflammation [259–263]. A patent (CN104739738A) was granted for a
mouthwash made with propolis to improve oral health and to treat oral diseases [264].

5.3. Bee Product-Based Chewable Tablets or Chewing Gums

Chewable tablets are tablets that are chewed in the oral cavity before being swallowed.
These tablets have several benefits such as oral drug delivery without any requirement
of water, palatability and stability. These tablets are suitable for children, the elderly and
patients suffering from dysphagia. Commercially available chewing gums containing
propolis was superior to the one with xylitol gum in reducing bacterial count [265]. A
patent (CN107198189B) was granted for a chewable tablet made with propolis, royal jelly,
honey, beeswax, sodium citrate, mannitol, maltodextrin and xanthan gum [266]. Another
patent application (CN102326723A) is under consideration for development of chewable
propolis tablet [267]. Chewing gum are confectionary products that are chewed for various
reasons. A worldwide patent (WO2020101601A2) was assigned for producing three types
of propolis chewing gums viz. sugar, sweetener and sugar-free [268]. Various innovative
products developed from the bee products are presented in Table 4.
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Table 4. Various innovative products developed from bee products.

Type of Product Product Patents Bee Product Used Intended Use Reference

Toothpaste

Propolis toothpaste CN102283795A Propolis To prevent and treat oral diseases [255]

Propolis toothpaste CN110755355A Propolis
To improve bleeding gum
and maintain oral health

by inhibiting pathogenic bacteria
[256]

Brazilian green
propolis toothpaste CN107412138B Propolis To prevent on gingivitis,

periodontitis and halitosis [269]

Manuka honey
toothpaste CN105287328A Manuka honey

To prevent prevents gingivitis,
periodontitis, tooth decay and oral ulcer

during pregnancy
[270]

Mouthwash
Propolis mouthwash CN104739738A Propolis

Improved anti-bacterial and
anti-inflammatory properties, as well as

the prevention and treatment of oral
disorders such oral cancer

[264]

Propolis mouthwash KR20060041348A Propolis To prevent tooth decay and
treat oral diseases [271]

Chewing gum Hive honey chewing
gum CN107751533A Honey To improve health of oral cavity and

remove bad breath [272]

Chewable tablet Tablet CN107198189B Propolis, royal jelly,
honey, and beeswax

To improve immunity and highly
suitable for patients suffering

from pharyngitis
[266]

6. Safety Aspects of Honey and Bee Products

Although, consumption of bee products like honey, propolis and royal jelly is safe
and allergies and sensitivities to them are uncommon. However, patients who are taking
them extensively should be advised about the possibility of adverse reactions and allergies.
Toxic chemicals in honey have been reported including polycyclic diterpene grayanotoxins
in honey from rhododendron plants such as R. luteum and R. ponticum. This honey is
recognized as “mad honey” because of its severe neural intoxication and even death, partic-
ularly in Turkey’s eastern Black Sea region. In spite of its toxicity, it is used as a traditional
remedy for sexual dysfunction, hypertension and other diseases, probably because its
activity [273,274]. Plants in the Boraginaceae, Asteraceae and Fabaceae families possess
pyrrolizidine alkaloids, which are not hazardous but are transformed into injurious pyrrolic
metabolites by the liver after ingesting honey. These alkaloids may provide a health danger
to honey consumers because they are found in common honey botanical sources [275].
Honey poisoning has been associated to incidences of convulsions, delirium and poor
memory due to contamination by the neurotoxic sesquiterpene. Honey bees gather dew
produced by passionvine hoppers (Scolypopa australis), which feed on sap of the poisonous
shrub tutu (Coriaria spp.) and swallow these oxygenated sesquiterpene picrotoxanes, which
further target GABAergic and glycinergic receptors [276,277]. Hyoscyamine, saponins,
strychnine, gelsemine, hyoscine, oleandrin and oleandrigenin are some of the other plant
secondary metabolites identified in honey that may be toxic to humans. Honey can be
polluted by environmental pollutants such as heavy metals, pesticides and antibiotics in
addition to phytochemicals. Furthermore, honey that has been stored or heated for an
extended period of time may produce Maillard reaction products [278]. Clinical and in vivo
animal studies have shown that propolis is safe and non-toxic. At higher doses (>15 g/day)
it shows toxic effects in humans [12]. However, incidences of propolis allergy and contact
dermatitis have long been observed, primarily among beekeepers. Furthermore, it has
the potential to irritate the skin, causing eczema, lesions, psoriasis and mouth sores [279].
The main sensitizers in propolis, according to Burdock [138] and Walgrave et al. [280], are
3-methyl-2-butenyl caffeate, phenylethyl caffeate, benzyl salicylate, benzyl cinnamate and
1,1-dimethylallylcaffeic acid. Similar to honey, harmful chemicals and pollutants are also
present in royal jelly. Pesticides from the organochlorine, organophosphorus and carbamate
families are the most common. Eczema, asthma and hypersensitivity have all been linked
to royal jelly consumption, and the royal jelly proteins MRJP-1 and MRJP-2 have been
recognized as key allergens [281].
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7. Conclusions

Honey bee products have remarkably high biological and therapeutic properties
since they are imparted with a wide variety of bioactive such as phenolic compounds,
flavonoids and terpenoids. Studies with in vitro, in vivo and clinical trials showed on anti-
microbial activities of bee products against various pathogenic bacteria such as S. mutans
and Porphyromonas gingivalis, antioxidant, anti-inflammatory and anti-cancer against var-
ious oral pathologies periodontitis, dental caries, mucositis and dentin hypersensitivity.
Many human clinical trials revealed bee products are safe and helpful in the treatment of
various oral diseases. It was reported that novel products based on bee products, such
as chewing gums, toothpaste, and mouthwash, could be sources of cost-effective and
consumer-friendly nutritional components for improving human oral health. However,
there is a lot of potential in using these qualities of bee products to cure a variety of dis-
eases. In vitro and intervention study results have been inconsistent in identifying the
various functional characteristics of each bioactive compound in bee products, as well as
the method to improve their bio-accessibility. Though, honey bee products also cause some
side effects like allergies, but they appear only when they are used in high concentrations.
The molecular mechanism of action of bee products must be explored in order to fully
comprehend their mode of action. In addition, to confirm the influence of bee products on
human health, in vivo and human clinical investigations should be conducted. Based on
these findings, a policy for using bee products in commercial products must be developed.
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17. Buttstedt, A.; Mureşan, C.I.; Lilie, H.; Hause, G.; Ihling, C.H.; Schulze, S.-H.; Pietzsch, M.; Moritz, R.F. How honeybees defy
gravity with royal jelly to raise queens. Curr. Biol. 2018, 28, 1095–1100.e1093. [CrossRef]

18. Kunugi, H.; Ali, A.M. Royal jelly and its components promote healthy aging and longevity: From animal models to humans. Int.
J. Mol. Sci. 2019, 20, 4662. [CrossRef] [PubMed]

19. Kamakura, M. Royalactin induces queen differentiation in honeybees. Nature 2011, 473, 478–483. [CrossRef]
20. Detienne, G.; De Haes, W.; Ernst, U.R.; Schoofs, L.; Temmerman, L. Royalactin extends lifespan of Caenorhabditis elegans through

epidermal growth factor signaling. Exp. Gerontol. 2014, 60, 129–135. [CrossRef]
21. Kolayli, S.; Sahin, H.; Can, Z.; Yildiz, O.; Malkoc, M.; Asadov, A. A member of complementary medicinal food: Anatolian royal

jellies, their chemical compositions, and antioxidant properties. J. Evid.-Based Complement. Altern. Med. 2016, 21, NP43–NP48.
[CrossRef]

22. WHO. Oral Health. EXECUTIVE BOARD 148th Session Provisional Agenda Item 6. Available online: https://apps.who.int/gb/
ebwha/pdf_files/EB148/B148_8-en.pdf (accessed on 30 January 2023).

23. Yu, X.; Chen, Y.; Li, Y.; Hong, J.; Hua, F. A bibliometric mapping study of the literature on oral health-related quality of life.
J. Evid.-Based Dent. Pract. 2020, 23, 101780. [CrossRef]

24. Almuhayawi, M.S. Propolis as a novel antibacterial agent. Saudi J. Biol. Sci. 2020, 27, 3079–3086. [CrossRef]
25. Biluca, F.C.; da Silva, B.; Caon, T.; Mohr, E.T.B.; Vieira, G.N.; Gonzaga, L.V.; Vitali, L.; Micke, G.; Fett, R.; Dalmarco, E.M.

Investigation of phenolic compounds, antioxidant and anti-inflammatory activities in stingless bee honey (Meliponinae). Food
Res. Int. 2020, 129, 108756. [CrossRef] [PubMed]

26. Didaras, N.A.; Karatasou, K.; Dimitriou, T.G.; Amoutzias, G.D.; Mossialos, D. Antimicrobial activity of bee-collected pollen and
beebread: State of the art and future perspectives. Antibiotics 2020, 9, 811. [CrossRef] [PubMed]

27. Ranneh, Y.; Akim, A.M.; Hamid, H.A.; Khazaai, H.; Fadel, A.; Zakaria, Z.A.; Albujja, M.; Bakar, M.F.A. Honey and its nutritional
and anti-inflammatory value. BMC Complement. Med. Ther. 2021, 21, 30. [CrossRef] [PubMed]

28. Almasaudi, S. The antibacterial activities of honey. Saudi J. Biol. Sci. 2021, 28, 2188. [CrossRef] [PubMed]
29. Fontana, R.; Mendes, M.A.; De Souza, B.M.; Konno, K.; César, L.l.M.M.; Malaspina, O.; Palma, M.S. Jelleines: A family of

antimicrobial peptides from the Royal Jelly of honeybees (Apis mellifera). Peptides 2004, 25, 919–928. [CrossRef]
30. Yang, Y.-C.; Chou, W.-M.; Widowati, D.A.; Lin, I.-P.; Peng, C.-C. 10-hydroxy-2-decenoic acid of royal jelly exhibits bactericide and

anti-inflammatory activity in human colon cancer cells. BMC Complement. Altern. Med. 2018, 18, 202. [CrossRef]
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71. Dżugan, M.; Grabek-Lejko, D.; Swacha, S.; Tomczyk, M.; Bednarska, S.; Kapusta, I. Physicochemical quality parameters,

antibacterial properties and cellular antioxidant activity of Polish buckwheat honey. Food Biosci. 2020, 34, 100538. [CrossRef]

44



Antioxidants 2023, 12, 1452

72. Kishore, R.K.; Halim, A.S.; Syazana, M.N.; Sirajudeen, K. Tualang honey has higher phenolic content and greater radical
scavenging activity compared with other honey sources. Nutr. Res. 2011, 31, 322–325. [CrossRef]

73. Rosa, A.; Tuberoso, C.I.G.; Atzeri, A.; Melis, M.P.; Bifulco, E.; Dessì, M.A. Antioxidant profile of strawberry tree honey and its
marker homogentisic acid in several models of oxidative stress. Food Chem. 2011, 129, 1045–1053. [CrossRef]

74. Alvarez-Suarez, J.M.; Giampieri, F.; González-Paramás, A.M.; Damiani, E.; Astolfi, P.; Martinez-Sanchez, G.; Bompadre, S.; Quiles,
J.L.; Santos-Buelga, C.; Battino, M. Phenolics from monofloral honeys protect human erythrocyte membranes against oxidative
damage. Food Chem. Toxicol. 2012, 50, 1508–1516. [CrossRef]

75. Yuslianti, E.R.; Bachtiar, B.M.; Sastradipura, D.F.S.; Sutjiatmo, A.B. Antioxidant Activity of Rambutan Honey: The free radical-
scavenging activity in vitro and lipid peroxidation inhibition of oral mucosa wound tissue in vivo. Res. J. Med. Plant 2015, 9,
284–292. [CrossRef]

76. Toczewska, J.; Maciejczyk, M.; Konopka, T.; Zalewska, A. Total oxidant and antioxidant capacity of gingival crevicular fluid and
saliva in patients with periodontitis: Review and clinical study. Antioxidants 2020, 9, 450. [CrossRef] [PubMed]

77. Petti, S.; Scully, C. Polyphenols, oral health and disease: A review. J. Dent. 2009, 37, 413–423. [CrossRef] [PubMed]
78. Ding, Y.; Yao, H.; Yao, Y.; Fai, L.Y.; Zhang, Z. Protection of dietary polyphenols against oral cancer. Nutrients 2013, 5, 2173–2191.

[CrossRef] [PubMed]
79. Chatterjee, A.; Saluja, M.; Agarwal, G.; Alam, M. Green tea: A boon for periodontal and general health. J. Indian Soc. Periodontol.

2012, 16, 161. [PubMed]
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Abstract: Osteoporosis and breast cancer are serious diseases that have become a significant so-
cioeconomic burden. There are biochemical associations between the two disorders in terms of the
amended function of estrogen, receptor activator of nuclear factor kappa beta ligand, oxidative stress,
inflammation, and lipid accumulation. Honey as a functional food with high antioxidant and anti-
inflammatory properties can contribute to the prevention of various diseases. Its health benefits are
mainly related to the content of polyphenols. This review aims to summarize the current knowledge
from in vitro, animal, and human studies on the use of honey as a potential therapeutic agent for
osteoporosis and breast cancer. Preclinical studies have revealed a beneficial impact of honey on both
bone health (microstructure, strength, oxidative stress) and breast tissue health (breast cancer cell
proliferation and apoptosis, tumor growth rate, and volume). The limited number of clinical trials,
especially in osteoporosis, indicates the need for further research to evaluate the potential benefits of
honey in the treatment. Clinical studies related to breast cancer have revealed that honey is effective
in increasing blood cell counts, interleukin-3 levels, and quality of life. In summary, honey may serve
as a prospective therapeutic supplement for bone and breast tissue health.

Keywords: honey; osteoporosis; breast cancer; associations; preclinical studies; clinical trials; preven-
tion; management; treatment

1. Introduction

Menopause is a biological process characterized by dysfunction of ovarian follicles
and estrogen deficiency, oxidative stress, and inflammation, that together lead to different
chronic disorders [1,2]. When the organism is exposed to high levels of oxidative stress
following estrogen depletion, lipid accumulation also occurs [3]. Osteoporosis and breast
cancer are considered serious diseases in which the aforementioned factors are involved
and are currently becoming a significant socioeconomic burden worldwide.

Generally, postmenopausal osteoporosis is characterized by reduced bone mineral den-
sity (BMD) and increased risk of fragility fractures that are associated with significant pain,
suffering, and disability [4]. Moreover, hip and vertebral fractures are consistent with signif-
icantly increased mortality [5]. It has been reported that a decrease in estrogen production
represents a major cause of reduced bone mass [6–8]. During menopause, the osteoprotec-
tive effect of estrogen is weakened, leading to elevated expression of pro-inflammatory
cytokines that promote osteoclastogenesis [9–12]. In general, estrogen regulates bone
metabolism through two receptors: estrogen receptor alpha (ERα) and estrogen receptor
beta (ERβ), with ERα being more dominant. Loss of estrogen also influences osteoblast
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progenitor cells via reduced ERα expression and lower responsiveness to mechanical
stimulation [13]. Thus, estrogen deficiency not only directly affects the differentiation of
precursor cells more toward active osteoclasts and less toward osteoblasts but can also
influence their cellular energetics. Increased adiposity and inflammation after menopause
can indirectly lead to bone loss as well [14].

Similar to bones, breast tissue is also dependent on estrogen [15]. In breast carcinogen-
esis, elevated exposure to estrogen is linked with early menarche, late menopause, obesity,
and estrogen replacement therapy. High blood estrogen levels are able to increase the risk,
incidence, and severity of breast malignancy in pre- and postmenopausal women [16]. In
general, breast cancer is the second leading cause of cancer death in women, with a higher
prevalence in postmenopausal women [1,17]. Consequently, postmenopausal women are at
risk of morbidity and mortality, which are a combination of both diseases mentioned above.

Current pharmacological treatment for osteoporosis and breast cancer is often associ-
ated with adverse side effects; therefore, various natural therapeutic substances have been
intensively studied to find an alternative and effective treatment method with less harmful
impacts [17,18]. Honey and other bee products (e.g., royal jelly, propolis, bee bread, drone
brood homogenate) are widely used as a functional food due to their high antioxidant
and anti-inflammatory properties, which contribute to the prevention of various diseases,
including diabetes, osteoporosis, cancer, reproductive disorders [19–23].

In general, honey is a sweet viscous liquid stored in combs after bees collect it from
plants. It is produced by regurgitation, enzymatic activity, and evaporation of water in
the hives. In addition to the source of nectar, bees also collect insect secretions (belonging
to the genus Rhynchota) to produce honeydew honey [2,24,25]. Honey consists of at least
181 substances, mainly carbohydrates such as fructose (38%) and glucose (31%). It also
contains enzymes, proteins, amino acids, polyphenols, vitamins, and minerals in lower
quantities [26]. The content of polyphenols, which cover a wide spectrum of phytochemicals
and are found in almost all types of natural honey, contributes to its health-promoting
potential. Such polyphenols include flavonoids (e.g., quercetin, kaempferol, luteolin,
hesperetin, chrysin, apigenin, galangin), phenolic acids (e.g., ellagic, caffeic, gallic, ferulic,
benzoic, ascorbic), antioxidant enzymes (e.g., catalase, glucose oxidase, peroxidase) and
carotenoids [27,28]. Most of these compounds interact with each other to create a range
of synergistic antioxidant properties. Many studies revealed antioxidant, antibacterial,
antiviral, immunomodulatory, anti-inflammatory, hypocholesterolemic, hypotensive, and
antitumor impacts of honey [2,29]. The composition of a particular honey sample depends
to a large extent on the nectar composition, the method of nectar collecting, environmental
and seasonal factors, geographical origin, as well as storage conditions [30].

This review aims to summarize the current knowledge from preclinical and clinical
studies regarding the use of honey as a potential therapeutic agent for osteoporosis and
breast cancer due to their elevated incidence in postmenopausal women. Biochemical
connections between the two disorders are also provided.

2. Biochemical Associations between Osteoporosis and Breast Cancer

Biochemical connections between osteoporosis and breast cancer include the amended
function of receptor activator of nuclear factor kappa beta ligand (RANKL), estrogen, reac-
tive oxygen species (ROS)-induced oxidative stress, chronic low-grade inflammation, and
lipid accumulation [1,2]. A clearer understanding of the associations between these dis-
eases can lead to the development of a therapeutic target for postmenopausal breast cancer
patients. Figure 1 illustrates the influence of RANKL, estrogen, ROS, and inflammation on
the development of osteoporosis and breast cancer.
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Figure 1. The impact of RANKL, estrogen, ROS, and inflammation on the development of osteoporo-
sis (A) and breast cancer (B) (created with BioRender.com, https://www.biorender.com/, accessed on
27 January 2023). Abbreviations: c-Myc—c-myelocytomatosis oncogene product; ERK—extracellular
signal-regulated kinase; HSC—hematopoietic stem cell; IL-1—interleukin 1; IL-6—interleukin 6; JNK—
c-Jun N-terminal kinase; K-ras—Kirsten rat sarcoma viral oncogene homolog; MSC—mesenchymal
stem cell; N-ras—neuroblastoma RAS viral oncogene homolog; NF-κB—nuclear factor kappa-B;
OPG—osteoprotegerin; p53—tumor protein p53; PKA—protein kinase A; RANKL—receptor ac-
tivator of nuclear factor kappa-B ligand; ROS—reactive oxygen species; TNF-α—tumor necrosis
factor-alpha; VEGF—vascular endothelial growth factor; ↑—increased; ↓—decreased.
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RANKL is an important cytokine that is a member of the tumor necrosis factor (TNF)
family and is encoded by the tumor necrosis factor ligand super family 11 (TNFSF11)
gene [31]. It plays an important role in human physiology by controlling the differentiation
and activation of osteoclasts [32]. Generally, RANKL binds to the receptor activator of
nuclear factor kappa beta (RANK) on osteoclast precursor cells. RANKL/RANK interaction
subsequently activates nuclear factor kB (NF-kB) and supports the expression of other
osteoclastogenic factors. Conversely, a soluble decoy receptor for RANKL-osteoprotegerin
(OPG) prevents RANKL from binding to RANK. Therefore, RANKL/RANK/OPG system
is considered a key mediator of osteoclastogenesis [18,33]. Moreover, RANKL/RANK
pathway has been implicated in breast development as well as breast carcinogenesis. Ac-
cording to Fata et al. [34], lactating mammary gland did not develop cancer in RANK and
RANKL receptor-deficient mice. In the study by Gonzalez-Suarez et al. [35], the develop-
ment of mammary carcinogenesis was related to a higher expression of RANKL in 7,12-
dimethylbenzeneanthracene (DMBA)-induced mice, with accelerated breast carcinogenesis
identified in RANK-transgenic mice. RANKL also initiates the formation of pre-cancerous
lesions and the metastatic process. Additionally, RANKL up-regulates the angiogenic
process by stimulating the proliferation and survival of endothelial cells (Figure 1).

Both bone and breast tissues are dependent on estrogen. Moreover, high BMD can
be associated with the risk of breast cancer [36]. The hormone estrogen is a key regulator
of BMD [37], maintaining the balance between bone formation and bone resorption [38].
Specifically, estrogens stimulate osteoblast differentiation and activate Wnt signaling. They
also have an indirect effect through suppression of RANKL and up-regulation of OPG,
which ultimately inhibits osteoclastogenesis. Another mechanism for preventing bone
resorption is the induction of apoptosis in osteoclasts. Furthermore, estrogens act at the
osteocyte level since estrogen decreases sclerostin level and osteocyte apoptosis (Figure 1).
Epidemiological and clinical evidence has shown that factors consistent with raised es-
trogen levels during a woman’s lifetime (e.g., early menarche, late menopause, late first
full-term pregnancy, obesity) are related to increased risk of breast cancer [39]. Estrogens are
generally believed to induce breast cancer cell proliferation via the ER and serve as a tran-
scription factor to regulate the expression of target genes encoding proteins with important
biological functions [40]. The impact of estrogen on both aforementioned diseases docu-
ments the fact that women who develop ER-positive breast cancer at a relatively younger
age and are treated with anti-estrogen drugs such as tamoxifen have an elevated risk of
postmenopausal osteoporosis [41]. Due to the role of estrogen in breast cancer, aromatase
inhibitors (inhibitors of the estrogen-metabolizing enzyme aromatase) are used in the
treatment of postmenopausal individuals with ER-positive breast cancer, despite problems
with bone fractures. Recently, researchers are examining the potential of denosumab, an
anti-RANKL antibody, in preventing aromatase inhibitor-associated bone loss [42], which
could provide major benefits for postmenopausal breast cancer patients.

Oxidative stress is a contributing factor in many chronic diseases, including osteo-
porosis and breast cancer [43,44]. ROS directly promote osteoclast formation in a pro-
cess mediated by RANKL-RANK interaction and enhance bone resorption [45,46]. This
signaling pathway includes redox-sensitive components such as tumor necrosis factor
receptor-associated factor 6 (TRAF6), Rac1 (a member of the Rho-GTPase subfamily), and
nicotinamide adenine dinucleotide phosphate oxidases (NOX) [47]. Moreover, ROS in-
duce apoptosis of osteoblasts and osteocytes by activating numerous signaling pathways.
Mitogen-activated protein kinases such as ERK and JNK are involved in this process
(Figure 1). ROS also reduce osteoblast activity and differentiation, thus mineralization and
osteogenesis [48]. Postmenopausal women are not only exposed to high levels of oxidative
stress, but also to elevated levels of nitric oxide (NO) in erythrocytes [49]. NO can increase
the ability of cytokines to stimulate osteoclast activity and enhances their inhibitory impacts
on osteoblast growth [50,51]. Ultimately, bone formation prevails over bone resorption.
In breast cancer, oxidative stress has been implicated in the initiation, promotion, and
progression grades of breast carcinogenesis [52]. Mammary tissue is a complex combina-
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tion of different cell types, including stromal and neoplastic cells [53]. In cancerous breast
tissue, stromal fibroblasts acquire a phenotype characterized by raised levels of cytokines,
growth factors, and metalloproteinases [54]. In the tumor microenvironment, an altered
redox state in favor of pro-oxidants induces the formation of activated fibroblasts, leading
to modifications of epithelial cells that support tumorigenesis [55]. Oxidative stress in
the tumor microenvironment is also characterized by activated stromal cells that generate
tumor-enhancing signals, thereby promoting tumor growth and vascularization [56]. Ele-
vated ROS induce oncogenes and DNA damage, inhibit tumor suppressor genes, and can
interfere with different signaling pathways (Figure 1).

Chronic age-related inflammation also plays an important role in the pathogene-
sis of osteoporosis by affecting bone remodeling [57]. In the presence of RANKL, pro-
inflammatory cytokines such as tumor necrosis factor alpha (TNF-α), interleukins (IL)-1,
and IL-6 cause the excessive formation of osteoclasts and simultaneously inhibit the activi-
ties of osteoblasts [58]. The aforementioned cytokines also stimulate osteoclast development
and elevate the production of macrophage colony-stimulating factor (M-CSF) by bone mar-
row stromal cells (BMSC) [59,60]. They also suppress osteoblasts in releasing OPG [58].
According to several studies, raised levels of cytokine-mediated acute phase C-reactive
protein [61], and pro-inflammatory cytokines, including IL-6 [62], IL-1β [63], and TNF-
α [64] are found in breast cancer patients, documenting that breast cancer is associated with
inflammation. Elevation of these cytokines has been linked with breast cancer invasiveness
and has also been used as a prognostic factor in breast cancer patients [65]. Inflammatory
cells such as macrophages play a role during tumor progression by stimulating angiogenesis
via the production of pro-inflammatory cytokines and VEGF (Figure 1).

Obesity, one of the abnormalities of lipid metabolism, has been hypothesized to
protect the skeleton by increasing BMD [1] through mechanical loading, which stimulates
bone formation by reducing apoptosis and increasing the proliferation and differentiation
of osteoblasts and osteocytes [66,67]. This mechanism is supposed to be controlled by
the Wnt/β-catenin signaling pathway [68,69]. For this reason, bone mass increases as a
compensatory mechanism to adapt to a greater load [70]. However, several researchers
reported conflicting findings. According to Hsu et al. [71] and Pollock et al. [72], excess
fat mass was associated with reduced total BMD and total bone mineral content. The link
between obesity and 13 cancer types, including ER-positive postmenopausal breast cancer,
was established by International Agency for Cancer Research [73]. Moreover, obesity was
consistent with poor response outcomes in patients with ER-positive breast cancer [74].
Therefore, obesity presents a challenge in treating individuals with postmenopausal breast
cancer who suffer from osteoporosis [75]. Targeting the metabolic pathways linked to
estrogen production and immune surveillance modulation might represent an effective
trend in breast cancer prevention and treatment [76]. Studies on estradiol depletion by
aromatase inhibitors in subjects with postmenopausal breast cancer indicate that higher
levels of aromatase activity associated with elevated adipose tissue mass, reduce the
efficacy of aromatase inhibitor therapy [77]. Nowadays, bisphosphonates are used to
prevent aromatase inhibitor-induced bone loss and improve survival in postmenopausal
patients with ER-positive breast cancer [78,79].

3. Honey and Osteoporosis

Honey is able to protect the bone mainly due to antioxidant and anti-inflammatory
properties, primarily through its content of polyphenols, which act on several signaling
pathways, resulting in anabolic and antiresorptive effects [2]. From the group of polyphe-
nols, the anti-osteoporotic impact of quercetin, kaempferol, and luteolin was recorded [4].
In addition, vitamin D3 and its hydroxyderivatives with antioxidant properties were
also detected in honey [80,81]. Vitamin D3 supplementation was found to have protec-
tive effects on the inhibition of bone loss and BMD in both experimental animals and
postmenopausal women [82–84].
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According to Zaid et al. [85], the thickness of trabecular bone was elevated in ovariec-
tomized (OVX) rats receiving Tualang honey (a type of Malaysian honey that is especially
produced by the rock bee) at the dose of 0.2 g/kg/day for 2 weeks compared to OVX rats
fed calcium [86]. Additionally, identical Tualang honey administration (0.2 g/kg/day for
2 weeks) significantly increased BMD in OVX rats [87]. The study of Husniati Y et al. [88]
showed that daily consumption of Tualang honey (20 mg/day for 4 months) in post-
menopausal women resulted in similar bone densitometry findings as in individuals with
hormone replacement therapy. Moreover, Shafin et al. [89] revealed that postmenopausal
women consuming Tualang honey (20 g for 16 weeks) had comparable blood oxidative
stress (e.g., glutathione peroxidase, catalase, superoxide dismutase) levels to those receiv-
ing estrogen-progestin therapy. The aforementioned beneficial effects of Tualang honey
can be attributed to the highest content of kaempferol, quercetin, ellagic acid, gallic acid,
hesperetin, and catechin among different types of honey, indicating its highest antioxidant
potential [90–92].

According to Kamaruzzaman et al. [93], the administration of Kelulut honey (a
type of Malaysian honey that is mainly produced by stingless bumblebees) at doses of
200 mg/kg/day and 400 mg/kg/day for 2 months alleviated glucocorticoid-induced osteo-
porosis through its antioxidant activity in rats. Significantly elevated bone volume/tissue
volume, trabecular number, osteoblast surface, superoxide dismutase level and decreased
osteoclast surface and malondialdehyde levels were determined in osteoporotic rats fed
this type of honey. The impact of Kelulut honey supplementation (1 g/kg for 8 weeks) on
the bone health of rats with metabolic syndrome was investigated by Ekeuku et al. [94].
Oxidative stress and chronic low-grade inflammation present in metabolic syndrome are
known to play a major role in osteoporosis induction or bone loss [19]. Rats receiving
Kelulut honey showed a significant reduction in osteoclast surface compared to the con-
trol group, other bone parameters did not differ between the two groups [94]. However,
Ramli et al. [24] report that honey has a strong potential to be used in the management
of metabolic syndrome and related osteoporosis by exerting anti-obesity, hypolipidemic,
antidiabetic, and hypotensive activities.

Yudaniayanti et al. [30] examined the impact of honey supplements on bone strength
in OVX rats. These authors determined significantly increased bone strength in OVX
rats receiving honey (2 g/kg and 4 g/kg for 12 weeks) in comparison with the untreated
group. According to Hasib et al. [95], honey administration (1 g/kg, 2 g/kg, and 4 g/kg for
2 weeks) had a favorable effect on osteoporotic fracture healing in rat femur by promot-
ing osteoblastogenesis. The pro-osteoblastic influence of honey was documented by an
enhanced level of alkaline phosphatase (ALP) in the serum.

Abu-Serie et al. [96] revealed the ameliorative impact of a combined extract of Greek
thyme (Thymus vulgaris) and honey on hydrocortisone-induced osteoporosis in rat bone
cells through modulation of bone turnover, oxidative stress, and inflammation. Moreover,
a stronger anti-osteoporotic effect of the combined extract was recorded compared to a
commonly used bisphosphonate drug (alendronate).

Interestingly, Manuka honey (a type of New Zealand honey with antimicrobial and
antioxidant capacities) was used as an antibacterial agent incorporated into a biopolymer
coating based on corn protein zein to evaluate the combined effects of bioactive glass
and Manuka honey in a new type of scaffold. According to the results of Arango-Ospina
et al. [97], Manuka honey and zein coatings imparted antibacterial properties and excellent
mechanical properties to bioactive glass bone tissue scaffolds.

From the information mentioned above it is clear that honey may serve as a promising
therapeutic supplement for the prevention and management of osteoporosis. Anyway,
more scientific or epidemiological evidence is needed for the use of any type of honey in
the treatment of postmenopausal osteoporosis in women due to the limited number of
clinical trials. Summary data from the aforementioned research is presented in Table 1.
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Table 1. Preclinical and clinical studies on the anti-osteoporotic potential of honey.

Research Models Applied Treatment Obtained Results References

OVX Rats Tualang honey;
0.2 g/kg/day/2 weeks

↑BV/TV
↑Tb.Th
↑Tb.N
↓Tb.Sp

[85]

OVX Rats Tualang honey;
0.2, 1.0, and 2.0 g/kg/2 weeks Tibia: ↑BMD [87]

OVX Rats Apis dorsata honey;
2 and 4 g/kg/12 weeks ↑Bone strength [30]

Rats
Kelulut honey;

200 and 400 mg/kg/day/2 months

↑BV/TV

[93]
↑Tb.N
↓Tb.Sp

↑SOD activity
↓MDA activity

Rats
Kelulut honey ↓Oc.S/BS

[94]1 g/kg/8 weeks ↓OS/BS

Rats Apis melifera honey;
1, 2, and 4 g/kg/2 weeks ↑ALP [95]

Bone cells
Rat/HC-induced

bone damage
Greek thyme + honey

↓ROS
↓Lipid peroxidation

Synergistic improving
effect on parameters

of bone turnover

[96]

Postmenopausal
women (n = 39)

Tualang honey;
20 mg/day/4 months

No difference in BMD
and cardiovascular
risk between honey

and HRT groups

[88]

Postmenopausal
women (n = 78)

Tualang honey;
20 g/day/16 weeks

↓Blood oxidative
stress [89]

ALP—alkaline phosphatase; HRT—hormone replacement therapy; BMD—bone mineral density; BV/TV—bone
volume per tissue volume; MDA—malondialdehyde; Oc.S/BS—osteoclast surface/bone surface; OS/BS—osteoid
surface/bone surface; OVX—ovariectomized; ROS—reactive oxygen species; SOD—superoxide dismu-
tase; Tb.Th—trabecular thickness, Tb.N—trabecular number; Tb.Sp—trabecular separation; ↑—increased;
↓—decreased.

4. Honey and Breast Cancer

Honey as a potential preventive and therapeutic supplement is currently gaining at-
tention in cancer research. Various studies have been reported to investigate the anticancer
benefits of different types of honey from different origins. The anticancer activity of honey
has been demonstrated against various cancer cell lines and tissues, such as breast, prostate,
colorectal, endometrial, and renal [98–106]. In general, the chemo-preventive properties
of honey are consistent with its bioactive compounds, mostly quercetin, luteolin, chrysin,
and esters of caffeic [107]. Although the exact mechanism is still unclear, some studies
revealed the interference of bioactive compounds with anti-proliferative [108], antioxi-
dant [109], and pro-apoptotic cell-signaling pathways [110]. Choi et al. [111] documented
the anti-proliferative effects of quercetin in the human breast cancer cell line MCF-7 by
inhibiting cell cycle progression via transient accumulation in the M phase followed by G2
arrest. Moreover, quercetin treatment activated apoptosis in MCF-7 cells via the p38MAPK
signaling pathway [112]. Kim et al. [113] detected melatonin and its metabolites in honey,
which possess strong free radical scavenging properties [114]. However, high concentra-
tions of melatonin can induce the production of ROS, leading to apoptosis in a variety of
cancers [115–117]. In general, favorable impacts of honey against breast cancer have been
proven in both preclinical and clinical studies.

Tualang honey has been found to induce apoptosis of MDA-MB-231 and MCF-7
breast cancer cells through activation of the mitochondrial apoptotic pathway by elevat-
ing caspase-3/7 and caspase-9 and reducing mitochondrial membrane potential [102].
Moreover, Tualang honey combined with tamoxifen enhanced the anticancer activity of
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tamoxifen, activated multiple caspase enzymes, and increased mitochondrial membrane
depolarization, leading to a breast cancer cell (MCF-7 and MDA-MB-231) apoptosis [118].
Tualang honey with tamoxifen can therefore be used as an alternative for the treatment
of breast cancer, thereby reducing the required dose of tamoxifen and subsequently elimi-
nating the side effects of tamoxifen. According to Kadir et al. [119], the growth of DMBA-
induced mammary tumors was inhibited by Tualang honey administration (0.2–2 g/kg for
150 days) in rats. Additionally, vascular endothelial growth factor (VEGF), a pro-angiogenic
factor, was reduced in honey-supplemented rats. In the study of Zakaria et al. [120], el-
evated levels of alanine aminotransferase were determined in postmenopausal women
with breast cancer compared to those consuming Tualang honey (20 g/day for 12 weeks).
Moreover, an increase in creatinine levels, leukocyte, and platelet counts was observed
in the honey-treated group. In a clinical trial by Hizan et al. [121], the combination of
Tualang honey with the aromatase inhibitor anastrozole lowered background parenchyma
enhancement (a correlate of cancer relapse) more efficiently than anastrozole treatment
alone (42% vs. 10% reduction) in patients with ER-positive breast cancer.

The anti-proliferative impact of Manuka honey was determined in MDA-MB-231 and
MCF-7 breast cancer cells and was time- and dose-dependent. Moreover, the IL-6/STAT3
signaling pathway was highlighted as one of the first potential targets for Manuka honey-
induced breast cancer cell suppression [122]. In another study, Aryappalli et al. [123] found
that inhibition of tyrosine-phosphorylated STAT3 in breast cancer cells by Manuka honey
is mediated by selective antagonism of the IL-6 receptor. Ahmed et al. [124] revealed that
supplementation with both Manuka and Tualang kinds of honey (1.0 g/kg for 120 days)
was able to reduce tumor volume, numbers, weight, and growth rate in the 1-methyl-
1-nitrosourea (MNU)-induced breast cancer in rats. In addition, a higher expression of
pro-apoptotic proteins and lowered expression of anti-apoptotic proteins were recorded.
These types of honey administered orally exhibit anticancer effects by modulating the
immune system and activating the intrinsic apoptotic pathway.

Greek honey extract (pine, thyme, and fir) reduced the viability of MCF-7 breast cancer
cells [100,125], while thyme honey inhibited the progression of MCF-7 cells by suppressing
estrogenic impacts [100]. Anatolian honey with different botanical origins (pine, chestnut,
and cedar) produced stronger inhibitory effects on MDA-MB-231, MCF-7, and SKBR3 breast
cancer cells in a time- and dose-dependent manner [126]. In MCF-7 and MDA-MB-231
cancer cells, the aforementioned types of honey suppressed breast cancer through the
IL-6/STAT3 signaling pathway.

Kurniawan et al. [127] examined the impact of apis Dorsata honey (two tablespoons
orally, 3 times/day for 15 days) on IL-3 (multi-potential hematopoietic growth factor) levels
in breast cancer patients undergoing chemotherapy. These authors determined increased
levels of IL-3 in the honey-treated group compared to the control group. The effect of
Dorsata honey on IL-6 (breast cancer metastases factor) levels and T lymphocytes in post-
chemotherapy breast cancer individuals was investigated by Syam et al. [107]. It has been
found that there is a significant increase in the levels of T lymphocytes, which can indirectly
enhance the immune system and inhibit tumor cell growth in honey-treated patients with
breast cancer. The results also showed that Dorsata honey consumption did not affect IL-6
levels in contrast to the Manuka honey, where differences were noted.

The ability of honey to mitigate the chemo- and radiotherapy-induced oral mucositis
(OM) was documented in numerous studies that mainly involved patients with head and
neck cancers [128]. The studies on honey-treatment toxicity associations are limited in breast
cancer but a pilot randomized trial comprising breast cancer patients receiving doxorubicin
and cyclophosphamide reported the clinical efficacy of propolis plus bicarbonate in OM
prevention [129]. According to Aghamohammadi et al. [130], a mixture of honey (30 g) and
cinnamon (4 g) powder administered to breast cancer patients three times a day for 1 week
led to a significant improvement in overall health and quality of life after the treatment.

Although honey supplementation has been associated with breast cancer modification
in most of the experimental studies mentioned above, further experiments (especially
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animal studies and prospective randomized clinical trials) are still needed to evaluate the
potential usefulness of honey as a therapeutic supplement in prevention and management
of breast cancer. Table 2 provides summary data from the aforementioned studies.

Table 2. Preclinical and clinical studies on honey’s potential against breast cancer.

Research Models Applied Treatment Obtained Results References

Cells
MCF-7; MDA-MB-231

HeLa

Tualang honey;
1–10%/72 h

↑Cytotoxicity
↑Cell death
↑Apoptosis

↓∆ψm
↑Caspase-3/7 and -9

[102]

Cells
MCF-7; MDA-MB-231

Tualang honey;
10%/6, 24, 48, and 72 h

↑Apoptosis
↑Caspase-3/7 and -9

↓TAM-induced adverse effects
[118]

Cells
MDA-MB-231; MDA-MB-435;

MCF-7

Manuka honey;
0.3–1.25 %/24–72 h

↓Viability of cancer cells
↑Caspase-dependent apoptosis

↑Bax protein expression
↑Apoptosis

↓IL-6/STAT3 signaling pathway

[122]

Cells
MCF-7 Greek honey extract ↓Viability of MCF-7 cells [125]

Cells
MCF-7

Fir honey extract
0.2–125 µg/ml ↑Viability of MCF-7 cells [100]

Cells
MCF7, SKBR3, and MDAMB-231

Chestnut, pine, cedar, multifloral honey;
1, 2.5, 5, 7.5, and 10 µg/mL/

24, 48, and 72 h
↑Cytotoxic effect [126]

Rats Tualang honey;
0.2, 1.0, and 2.0 g/kg/day/150 days

↓Tumor development
↓Tumor mean size
↓VEGF protein

[119]

Rats Tualang honey, Manuka honey
1.0 g/kg/day/120 days

↓Cancer masses
↓Tumor size, weight, and

multiplicity
↓Growth rate

↑Expression of pro-apoptotic
proteins (Apaf-1, Caspase-9,

IFN-γ, IFNGR1, and p53)
↓Expression of anti-apoptotic
proteins (TNF-α, COX-2, and

Bcl-xL 1)

[124]

Postmenopausal breast cancer
women
(n = 72)

Tualang honey;
20 g/day/12 weeks

↓Alanine aminotransferase levels
↑Creatinine levels
↑Leukocyte counts
↑Platelet counts

[120]

Postmenopausal breast cancer
women
(n = 40)

Tualang honey;
20 g/day/6 months ↓BPE [121]

Adult women with breast cancer
(n = 30)

Dorsata honey;
15 mL/3 times daily/15 days ↑IL-3 [127]

Adult women with breast cancer
(n = 30)

Dorsata honey;
15 mL/3 times daily/15 days

↑T lymphocytes levels
No differences in IL-6 level [107]

Adult women with breast cancer
(n = 117)

Honey + cinnamon powder;
30 g + 4 g/3 times daily/1 week ↑Overall quality of life [130]

∆ψm—mitochondrial membrane potential; Apaf-1—apoptotic protease activating factor-1; Bcl-xL 1—B-cell
lymphoma-extra large; BPE—background parenchymal enhancement; COX-2—cyclooxygenase-2; HeLa—cervical
carcinoma; IFN-γ—interferon gamma; IFNGR1—interferon gamma receptor 1; IL-3—interleukin 3;
IL-6/STAT3—interleukin-6/tyrosine-phosphorylated; MCF-7, MDA-MB-231, MDA-MB-435—human breast ade-
nocarcinoma cell line; p53—tumor protein; SKBR-3—human breast cancer cell line; STAT3—signal transducer and
activator of transcription 3; TAM—tamoxifen; TNF-α—tumor necrosis factor alpha; VEGF—vascular endothelial
growth factor; ↑—increased; ↓—decreased.
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5. Conclusions

Nowadays, the administration of dietary supplements and functional food intake in
standard care of osteoporotic and oncological patients is gaining more attention. Honey is
one of the oldest organic natural substances used for medical purposes. Many studies have
pointed to the antioxidant, antibacterial, antiviral, immunomodulatory, anti-inflammatory,
hypocholesterolemic, hypotensive, and antitumor impacts of honey, making it beneficial
for human health.

In this review, the current knowledge from in vitro, animal, and human studies con-
cerning the use of honey as a potential therapeutic supplement for osteoporosis and breast
cancer is presented, due to their increasing incidence in postmenopausal women. Preclini-
cal studies related to osteoporosis have reported favorable effects of honey on cortical and
trabecular bone microstructure, bone strength, and oxidative stress. The limited number
of clinical trials suggests the need for further research to evaluate the potential benefits of
honey in the treatment of postmenopausal osteoporosis. In relation to breast cancer, in vitro
experiments revealed the anti-proliferative and pro-apoptotic impact of honey on breast
cancer cells, as well as their increased apoptosis. Animal studies have shown that honey
reduces the number, growth rate, volume, and tumor weight. Findings from clinical trials
reported its immunomodulatory properties showing that honey is effective in increasing
leukocyte and platelet counts, IL-3 levels, and quality of life. In this context, the potential
role of honey and its oligosaccharides as prebiotics for specific beneficial bacteria might be
examined in future clinical studies.

In conclusion, we can state that honey represents a prospective therapeutic supple-
ment for bone and breast tissue health. However, several issues need to be addressed
before administration, including the presence of allergens or pesticides, antibiotics, and
contaminants. Since the existing differences among honey types, precise identification and
quantification of bioactive compound content should be provided in detail. In addition,
clinical studies published so far are limited by a small sample size without the involvement
of all different ethnicities, a single dose of honey and often a short duration of experiments
and different parameters analyzed. Therefore, further clinical trials should also be aimed at
eliminating these shortcomings. Importantly, large-scale placebo-controlled clinical studies
concerning nutrigenomics are highly warranted to evaluate the effects of honey with its
bioactive components on global gene and protein expression.
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Abstract: This study reports on the total phenolic content and antioxidant activity as well as the
phenolic compounds that are present in Calothamnus spp. (Red Bell), Agonis flexuosa (Coastal Pepper-
mint), Corymbia calophylla (Marri) and Eucalyptus marginata (Jarrah) honeys from Western Australia.
The honey’s total phenolic content (TPC) was determined using a modified Folin–Ciocalteu assay,
while their total antioxidant activity was determined using FRAP and DPPH assays. Phenolic
constituents were identified using a High Performance Thin-Layer Chromatography (HTPLC)-
derived phenolic database, and the identified phenolic compounds were quantified using HPTLC.
Finally, constituents that contribute to the honeys’ antioxidant activity were identified using a
DPPH-HPTLC bioautography assay. Based on the results, Calothamnus spp. honey (n = 8) was
found to contain the highest (59.4 ± 7.91 mg GAE/100 g) TPC, followed by Eucalyptus marginata
honey (50.58 ± 3.76 mg GAE/100 g), Agonis flexuosa honey (36.08 ± 4.2 mg GAE/100 g) and Corym-
bia calophylla honey (29.15 ± 5.46 mg GAE/100 g). In the FRAP assay, Calothamnus spp. honey
also had the highest activity (9.24 ± 1.68 mmol Fe2+/kg), followed by Eucalyptus marginata honey
(mmol Fe2+/kg), whereas Agonis flexuosa (5.45 ± 1.64 mmol Fe2+/kg) and Corymbia calophylla honeys
(4.48 ± 0.82 mmol Fe2+/kg) had comparable FRAP activity. In the DPPH assay, when the mean
values were compared, it was found that Calothamnus spp. honey again had the highest activity
(3.88 ± 0.96 mmol TE/kg) while the mean DPPH antioxidant activity of Eucalyptus marginata, Agonis
flexuosa, and Corymbia calophylla honeys were comparable. Kojic acid and epigallocatechin gallate were
found in all honeys, whilst other constituents (e.g., m-coumaric acid, lumichrome, gallic acid, taxifolin,
luteolin, epicatechin, hesperitin, eudesmic acid, syringic acid, protocatechuic acid, t-cinnamic acid,
o-anisic acid) were only identified in some of the honeys. DPPH-HPTLC bioautography demon-
strated that most of the identified compounds possess antioxidant activity, except for t-cinnamic acid,
eudesmic acid, o-anisic acid, and lumichrome.

Keywords: HPTLC; HPTLC-DPPH; HPTLC-derived database; DPPH; FRAP; TPC; Folin–Ciocalteu
assay; phenolics; Eucalyptus marginata (Jarrah); Corymbia calophylla (Marri); Calothamnus spp. (Red
Bell); Agonis flexuosa (Coastal Peppermint); honey; colour hue

1. Introduction

Next to antibacterial activity, the antioxidant activity of honey has attracted consider-
able interest in recent years because of its association with anti-inflammatory, anti-cancer
and also anti-aging effects [1]. Commonly, the determination of the antioxidant activity of
honey involves the use of several popular colorimetric assays, such as the measurement
of total phenolic content (TPC) [2–6], total flavonoid content (TFC) [5–7], free radical scav-
enging activity using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay [4–9], or measuring
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the ferric reducing antioxidant power (FRAP) [2,8,10] which is also known as Trolox equiv-
alent antioxidant capacity (TEAC). High antioxidant potential in these assays is usually
observed for samples with high phenolic and flavonoid content [11]. Thus, the variance
in antioxidant properties among honeys from different floral and geographical origins is
mainly due to the difference in the composition of their polyphenolic fraction.

Although they are present in honey in only small amounts, phenolic compounds
are well studied due to their biological activities [1,12] and their influence on honeys’
organoleptic characteristics [1,13–17]. They have also been identified as potential chem-
ical markers for quality assurance and in authenticating the geographical and botanical
origin of honeys [18–21]. For example, kaempferol is seen as a key marker for rosemary
honey [22], naringenin, caffeic acid and hesperetin for citrus blossom honey [23,24], saf-
flomin for safflower honey [16], ellagic acid for heather honey, caffeic, p-coumaric and
ferulic acids for chestnut honey [25] and quercetin for sunflower honey [21]. Similarly,
pinocembrin, pinobanksin and chrysin are not only characteristic flavonoids present in
propolis but have also been found in many European honeys [21]. The identification of
such marker compounds in honey is, however, challenging because they are present at only
low concentrations and their isolation and successful chemical identification is strongly
dependent on the respective extraction and analysis methods employed [13,26–28].

Based on a comprehensive review of 130 research papers, it was found that 161 phe-
nolic compounds have been identified in honey to date [29], most of which belong to the
class of hydroxycinnamic acid derivatives, hydroxybenzoic acid derivatives, flavonols,
flavones and flavanones [29]. High-Performance Liquid Chromatography (HPLC) coupled
with diode array detection (DAD) appears to be the most commonly employed technique
for the qualitative and quantitative analysis of phenolic compounds, followed by Liquid
Chromatography-Mass Spectrometry (LC-MS).

Recently, a novel High Performance Thin-Layer Chromatography (HPTLC)-derived
database has also been developed and successfully used for the identification of phenolic
compounds in Manuka honey [30]. An important advantage of HPTLC over other chro-
matographic techniques is that it can be paired with post-chromatographic derivatization,
even with biochemical reagents. An example is HPTLC-DPPH analysis, which allows
visualization and quantification of the antioxidant activity of individual compounds in the
chromatographically separated mixture [31]. This method has already been employed in
honey analysis and has been demonstrated to be useful in visualizing honey constituents
with antioxidant properties [32–34].

Western Australia (WA) is home to 8 of Australia’s 15 biodiversity hotspots, which are
characterised by a high percentage of endemic flora, (https://www.dcceew.gov.au/science-
research/australias-biological-resources/access-resources/wa, accessed on 22 December 2022)
therefore, most of the plants foraged by bees (Apis mellifera) are unique only to the State.
Based on unpublished data by the Cooperative Research Centre for Honey Bee Products (a
program established and supported under the Australian Government’s Cooperative Re-
search Centres Program), honey samples collected (437 samples) across Western Australia
were mostly monofloral in nature and belonged to 48 different botanical species from 10 dif-
ferent families, a majority of which belonged to Myrtaceae (34) and Proteaceae (7) families.
Myrtaceae include the genus Eucalyptus which represents the most abundant type of trees
in the State, along with trees and shrubs of the genus Melaleuca, and shrubs of the genus
Calothamnus. Myrtaceae is the most important plant family foraged by bees. Proteaceae is
another important honey producing family and includes trees and shrubs from the genus
Banksia and Grevilla [35]. Table S1 summarises the identity, botanical origin, and families
of the honeys collected in WA. Among the honeys produced in the state, honeys from
Eucalyptus marginata (Jarrah, Myrtaceae), Corymbia calophylla (Marri, Myrtaceae), and Agonis
flexuosa (Coastal Peppermint, Myrtaceae) and a shrub honey harvested from Calothamnus
spp. (Red Bell, Myrtaceae) are considered iconic and are popular amongst consumers.

The level of information available on the chemical composition and bioactivity of
various honeys of different floral origin varies considerably. While some, such as New
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Zealand Manuka honey derived from Leptospermum scoparium, have attracted considerable
academic and commercial interests [36], research data on other honeys is scant. This is
undoubtedly the case for honeys derived from Western Australian (WA) floral sources. This
presents a significant gap in current knowledge that is addressed in this study. For Western
Australian monofloral honeys such as Eucalyptus marginata (Jarrah), Corymbia calophylla
(Marri), Calothamnus spp. (Red Bell) and Agonis flexuosa (Coastal Peppermint), very few
studies have yet focused on their antioxidant properties [37,38] and the constituents that
contribute to this activity. For example, to date, only some phenolic constituents have been
reported for Jarrah honey [39]. To address these knowledge gaps, the aims of this study
were to determine the total phenolic content and the total antioxidant activity of the said
Western Australian honeys using a modified Folin–Ciocalteu as well as FRAP and DPPH
assays, to identify and quantify phenolic constituents in these honeys using a HPTLC-
derived phenolic database and to determine the contribution of various constituents to the
overall antioxidant activity of the honeys using an HPTLC-DPPH assay. The findings of
this research will assist WA’s honey industry in selecting appropriate floral sources that
might lead to high-value products.

2. Materials and Methods
2.1. Chemicals and Reagents

The chemicals and reagents used in this study were sourced as follows: Folin and Cio-
calteu’s phenol reagent 2N, (F9252-1L), 2,4,6-tris(2-pyridyl)-1,3,5-triazine (TPTZ, 3682-35-7),
iron (III) chloride hexahydrate (10025-77-1), iron (II) sulphate heptahydrate (7782-63-0),
trolox (53188-07-1), fructose (57-48-7), and maltose (6363-53-7) from Sigma Aldrich Tru-
ganina, Australia; vanillin (121-33-5) from Sigma-Aldrich, St. Louis, MO, USA; anhy-
drous magnesium sulfate (7487-88-9), anhydrous sodium carbonate (497-19-8), aminoethyl
diphenylborinate (524-95-8), glucose (50-99-7) sucrose (57-50-1), ethanol (64-17-5), from
Chem Supply, Port Adelaide, South Australia, Australia; toluene from APS Chemicals, Syd-
ney, New South Wales, Australia; naringenin (98%, 67604-48-2) from Alfa Aesar, Heysham,
Lancashire, UK; anhydrous sodium acetate (127-09-3), glacial acetic acid (64-19-7), ethyl
acetate (141-78-6), and formic acid (64-18-6) from Ajax Finechem, Wollongong, New South
Wales, Australia; hydrochloric acid (7647-01-0) from Asia Pacific Specialty Chemicals
Limited, Seven Hills, New South Wales, Australia; 2,2-diphenyl-1-picrylhydrazyl (DPPH,
1898-66-4) from Fluka AG, Buchs, St. Gallen, Switzerland; 3,4,5-trihydroxybenzoic acid
(149-91-7) from Ajax Chemicals Ltd. Sydney, New South Wales, Australia; dichloromethane
(75-09-2), acetonitrile (75-05-8), concentrated sulfuric acid (7664-93-9) and HPTLC Silica
gel 60 F254 Plates 10 × 20 cm from Merck KGaA, Darmstadt, Hesse, Germany; PEG
(25322-68-3) from PharmAust Manufacturing, Welshpool, Western Australia, Australia;
Methanol (CH3OH, B.n. 19758725, 67-56-1) from Scharlau, Barcelona, Catalonia, Spain.

Phenolic compounds and other standards that were included in the HPTLC database
were chosen based on an extensive review of phenolic compounds reported in honey [29]
and were purchased from Ajax Finechem Pvt. Ltd., (Sydney, New South Wales, Australia),
AK Scientific, Inc. (Union City, CA, USA), Alfa Aesar (Heysham, Lancashire, UK),
Angene International Ltd. (Nanjing, China), Chem Supply Australia Pty Ltd.
(Port Adelaide, Australia), Combi-Blocks Inc., (San Diego, CA, USA), Wuhan Chem-
Faces Biochemical Co., Ltd. (Wuhan, China), Sigma Aldrich (Castle Hill, Australia),
and Sigma-Aldrich (St. Louis, MO, USA) [30].

2.2. Honey Samples

Calothamnus spp. honey (Red Bell, Myrtaceae, n = 8), Agonis flexuosa honey (Coastal
Peppermint, Myrtaceae, n = 5), Corymbia calophylla honey (Marri, Myrtaceae, n = 13),
and Eucalyptus marginata honey (Jarrah, Myrtaceae, n = 6) were purchased from different
suppliers in Western Australia (WA) (see Table S1). Figure 1 shows the geographical
locations from where the honeys were collected.
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Figure 1. Collection sites of honeys used in this study (samples shown for which this in-
formation was available). Map generated using ARCGIS Version 10.8. Redlands, CA, USA
(Note: Numbers correspond to the number of samples of honey collected from each specific
location; Source: https://www.abs.gov.au/statistics/standards/australian-statistical-geography-
standard-asgs-edition-3/jul2021-jun2026/access-and-downloads/digital-boundary-files, accessed
on 10 November 2022).

Individual honey samples were authenticated based on their HPTLC fingerprints
following established protocols (see Figures S1–S4) [37,38,40] and based on this authenti-
cation, a pooled sample for each honey was prepared by mixing equal amounts of each
individual sample from the same floral source. It was deemed that such a pooled sample
would better reflect the typical chemical composition of a honey rather than analysing an
individual honey with a chemical profile that specifically mirrors its unique location, time
of collection and processing [40]. Therefore, the pooled honey samples were used in this
study for constituent identification and quantification.
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An artificial honey solution was prepared by mixing 21.625 g of fructose, 18.125 g of
glucose, 1.000 g of maltose, 0.750 g of sucrose and 8.500 g of water [41].

2.3. Preparation of Honey Samples

For the total phenolic content analysis and antioxidant analyses, individual honeys
were prepared in triplicates as 20% w/v aqueous solutions while for phenolic identification
and quantification experiments, pooled honeys were extracted using an organic solvent.
The extraction process involved adding 1 g of each pooled honey sample to 2 mL deionised
water in stoppered glass test tubes followed by vortex mixing. The resulting solution was
then extracted three times with 5 mL dichloromethane and acetonitrile (1:1, v/v). The
combined organic extracts were dried using anhydrous MgSO4, filtered, and evaporated to
dryness using a heating block (Stuart SBHCONC/1 Sample Concentrator) set at 35 ◦C. The
organic honey extracts were stored at 4 ◦C until analysis for which they were reconstituted
with 100 µL methanol.

2.4. Determination of Total Phenolic Content (TPC)

The TPC assay was performed based on the methodology described by Liberato et al.
with minor modifications [42]. This protocol has previously been employed in the analysis
of the TPC of some Western Australian bee products [37,38,41,43].

In brief, 200 µL of aqueous honey solution (20%, w/v) or 100 µL of gallic acid standards
(0.06 mg/mL to 0.18 mg/mL) spiked with 100 µL of artificial honey solution (40%, w/v) [39]
were reacted with 1 mL of diluted Folin–Ciocalteu reagent (1 mL of Folin–Ciocalteu reagent
in 30 mL deionised water). After 5 min, 800 µL of 0.75% Na2CO3 was added and allowed
to react for 2 h, excluded from light. Sample absorbance at 760 nm was then measured
(Carry 60 Bio UV–Vis spectrophotometer) using 100 µL of deionised water spiked with
100 µL of artificial honey solution (40%, w/v), 1 mL of Folin–Ciocalteu reagent and 800 µL
of 0.75% Na2CO3 as a blank. The analysis was carried out in triplicate and the mean result
for each sample was expressed as mg gallic acid equivalent (GAE) per 100 g of honey.

TPC Value o f Sample (mg Gallic Acid ) =
(∆Abs− intercept)

slope
(1)

2.5. Determination of Antioxidant Activity Using the Ferric Reducing Antioxidant Power
(FRAP) Assay

The FRAP assay, which is based on the reduction of ferric 2,4,6-tris(2-pyridyl)-1,3,5-
triazine [Fe(III)-TPTZ] to ferrous complex at low pH followed by a spectrophotometric
analysis, was performed according to the protocol described by Almeida et al. [44] with
minor modifications. This protocol has previously been used in our laboratory to determine
the FRAP activity of various bee products [37,38,41,43].

In brief, a 1:1:10 (v/v/v) ratio of the FRAP reagent was prepared by mixing 10 mM
TPTZ (dissolved in 40 mM HCl), 20 mM aqueous FeCl3·6H2O and 300 mM aqueous acetate
buffer (pH 3.6). The reagent mixture was freshly prepared prior to each experiment and
incubated at 37 ◦C prior to use. Ferrous sulphate (FeSO4·7H2O) standards ranging from
200 µM to 1200 µM, along with the standard concentration of 600 µM which was used as a
positive control, were freshly prepared prior to each experiment and stored on ice.

A total of 20 µL of honey solution or standards were mixed with 180 µL of FRAP
reagent in a 96-well microplate (Greiner Bio-One 96-well Microplate Flat Bottom), and the
absorbance of the reaction mixture after 30 min of incubation at 37 ◦C was determined
at 620 nm (BMG Labtech POLARstar Optima Microplate Reader). The FRAP antioxidant
activity was determined based on the interpolation of the standard curve and expressed as
mmol Fe2+ equivalent (FE)/kg of honey (mean of triplicate results).

FRAP Value o f Sample (µM Fe (I I)) =
(∆Abs− intercept)

slope
(2)
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2.6. Determination of Antioxidant Activity Using the 2,2-Diphenyl-1-Picrylhydrazyl (DPPH)
Radical Scavenging Assay

The DPPH assay in this study was based on the protocol described by Karabagias et al. [45]
with minor modifications [37,38,41,43]. The radical 2,2-diphenyl-1-picrylhydrazyl (DPPH)
is purple in colour and decays to yellow in the presence of antioxidants. The resulting
change can be captured at 520 nm. The DPPH reagent mixture was prepared using a
ratio of 19:10 (v/v) of 0.130 mM methanolic DPPH solution and 100 mM pH 5.5 aqueous
NaC2H3O2 buffer. Aqueous Trolox solutions with concentrations ranging from 100–600 µM
(pH adjusted to pH 7.0) were used to derive the calibration curve, with the 400 µM standard
also serving as a positive control.

A total of 10 µL of aqueous honey solution or standards were placed in a 96-well
microplate, followed by 290 µL of DPPH reagent, and then mixed. The reaction mixture
was kept in the dark and the absorbance was measured at 520 nm after 120 min using a
microplate reader (Greiner Bio-One 96-well Microplate Flat Bottom). The mean radical
scavenging activity of triplicate samples of honey solutions or standards was expressed as
Trolox Equivalent (TE), calculated based on the interpolation of the standard curve, and for
the honey samples then also expressed as µmol Trolox equivalent per kg of honey.

DPPH Value o f Sample (µM Trolox) =
(∆Abs− intercept)

slope
(3)

2.7. Phenolic Constituent Identification in Honey

The identification of phenolic honey constituents was performed using a validated
HPTLC based database of phenolic compounds. In brief, honeys were first fingerprinted
using HPTLC under various conditions and the resulting data (i.e., Rf values, colour hues,
UV-Vis and fluorescence λmax and λmin prior to derivatisation, UV-Vis and fluorescence
λmax after derivatisation) were matched with standards included in the database [30].
Potential matches were confirmed by spectral overlay analysis [30].

In this study, as additional confirmation of correct identification, a mixture of the identi-
fied compounds (7.4 µL, for concentrations see Table 1) in each honey was used to over-spot
the respective neat honey extract (7 µL). A corresponding increase in the absorbance of the
respective honey extract bands was seen as confirmation of the correct identification.

Table 1. Key parameters for the phenolic standards applied in the quantification experiments.

Compound and Code Purity (%) Supplier Mobile Phase Concentration
(µg/mL) Rf UV Detection (nm) R2 % Accuracy

(n = 3)

Luteolin–
Lut (1) 97 C MPB 12.5 0.375 352 0.998 97.4

Hesperetin–
Hesp (2) 95 C MPB 12.5 0.527 290 0.999 98.9

Taxifolin–
Tax (3) 95 E MPB 5 0.335 292 0.998 98.5

Epicatechin–
Epi (4) 98 D MPB 50 0.176 281 0.990 97.8

Epigallocatechin gallate–
EGCG (5) 98 B MPB 50 0.065 282 0.996 99.3

2,3,4-Trihydroxy benzoic acid–
2,3,4-THBA (6) 98 B MPA 25 0.589 267 1.000 98.4

Eudesmic acid–
EudA (7) 98 C MPB 50 0.478 264 0.991 95.8

Gallic acid–
GA (8) NI F MPB 25 0.27 272 0.997 98.9

o-Anisic acid–
o-AA (9) NI A MPB 25 0.44 299 1.000 98.9

Protocatechuic acid–
ProA (10) 98 C MPB 25 0.377 295 0.997 97.7

Syringic acid–
SyrA (11) 98 C MPB 25 0.395 277 0.998 96.3
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Table 1. Cont.

Compound and Code Purity (%) Supplier Mobile Phase Concentration
(µg/mL) Rf UV Detection (nm) R2 % Accuracy

(n = 3)

m-Coumaric acid–
m-CoA (12) 98 C MPB 25 0.467 280 0.996 95.2

t-Cinnamic acid–
TCA (13) 99 C MPB 12.5 0.557 279 0.994 97.2

Kojic acid–
KA (14) NI A MPB 25 0.13 277 0.995 97.0

Lumichrome–
Lum (15) NI A MPB 10 0.266 357 0.993 97.5

Legend: NI-No information, Suppliers: A = Sigma Aldrich (Castle Hill, NSW, Australia), B = Angene International
Ltd. (Nanjing, China), C = Combi-Blocks Inc., (San Diego, CA, USA), D = Wuhan ChemFaces Biochemical
Co., Ltd. (Wuhan, Hubei, China), E = AK Scientific, Inc. (Union City, CA, USA), F = Ajax Finechem Pvt. Ltd.,
(Sydney, NSW, Australia), MPA—toluene: ethyl acetate: formic acid (2:8:1, v/v/v), MPB—toluene: ethyl acetate:
formic acid (6:5:1, v/v/v).

The CAMAG HPTLC system (Muttenz, Switzerland) used in this study consisted
of a CAMAG TLC visualizer 2, Linomat V semi-automatic sample applicator, and ADC2
automated development chamber, a TLC scanner IV, a derivatiser, and a TLC plate heater
III. The system was operated by VisionCATS Version 3.1 software, which controls all
chromatographic operations and analyses.

In order to perform the phenolic compound identification, honey extracts were sub-
jected to the same HPTLC conditions used to establish the database (Table 2) using two
solvent systems: (a) MPA, consisting of toluene: ethyl acetate: formic acid (2:8:1, v/v/v),
and (b) MPB, consisting of toluene: ethyl acetate: formic acid (6:5:1, v/v/v) [44,45], as
well as two different derivatising reagents, natural product-polyethylene glycol reagent
(NP-PEG) and vanillin-sulfuric acid reagent (VSA).

Table 2. Conditions used in performing the HPTLC analysis.

Name Solvent System Derivatising Agent

DB-1A MPA NP-PEG

DB-1B MPA VSA

DB-2A MPB NP-PEG

DB-2B MPB VSA

Naringenin (0.5 mg/mL in methanol), with an application volume of 4 µL, was used
as HPTLC reference standard, and for all honey extracts a volume of 7 µL was used. All
samples were applied as 8 mm bands, 8 mm from the bottom of the HPTLC plate at a rate of
150 nLs−1 (aided by liquid nitrogen at a pressure of 10,000 mmHg). The chromatographic
separation was performed on 20 × 10 cm HPTLC plates (glass-backed silica gel 60 F254
plates) in an automated twin trough development chamber activated with MgCl2·6H2O
at 33–38% relative humidity. Saturation pads were used to saturate the system for 15 min
and plates were preconditioned with the mobile phase for 5 min, and then developed
automatically to a distance of 70 mm at room temperature before being automatically dried
for 5 min. Photo-documentations under 254 nm, 366 nm, and white light in transmittance
mode (T) were performed on the developed plates in order to detect the separated honey
constituents. From this information corresponding peak profiles were generated, and major
peaks automatically determined by the software.

The scanning of individual major bands in the honey extracts was carried out using
the TLC Scanner 4 in both UV-Vis mode (190–900 nm) and fluorescence mode (190–380 nm)
with the following settings: Dimension set at 5 × 0.2 mm (micro), optimisation set for
maximum resolution, scanning speed 20 nm/s and use of K400 optical filter. Deuterium
(190–380 nm) and tungsten (380–900 nm) were used as lamps and the scans in fluorescence
excitation mode were set at 380 < /400 nm and the emissions were observed at 190–270 nm.
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Three spectral scans were performed for each sample, prior to and after derivatisation with
each of the derivatisation reagents used.

To perform the derivatisation of the plates with NP-PEG reagent, plates were first
sprayed with 3 mL of 1% NP reagent using a green nozzle at level 3 and then allowed to
dry for 5 min at 40 ◦C. The plates were then sprayed again, this time with 5% PEG reagent
using a blue nozzle at level 2, dried for 5 min at 40 ◦C and the resulting image was captured
at 366 nm [29]. To derivatise using VSA reagent, plates were sprayed with 3 mL of 1%
vanillin sulphuric acid reagent using a yellow nozzle at level 3, and then heated for 3 min
at 115 ◦C for 3 min, and after cooling for 2 min, the plates were visualised at 366 nm and T
white light.

A system suitability test (SST) was performed for each plate analysis as a quality
control step. This was performed by utilising the Rf and the minimum height of the
reference sample (naringenin) prior to derivatisation at 254 nm and only those plates that
passed the set threshold of ±0.05 for the Rf and the minimum height for MPA (Rf 0.690,
minimum height 0.108) and MPB (Rf 0.550, minimum height 0.120) were used in the
qualitative and quantitative analysis.

2.8. Quantification of Phenolic Compounds in Honey

The same chromatographic instrumentation and parameters as described in Section 2.7
were employed in the quantification of the identified phenolic compounds in the various
honey samples. Standard concentrations, application volumes, derivatisation and scanning
conditions were optimised. The optimised application volumes for the various standards
ranged from 5.0 to 9.8 µL (1.2 µL interval) and each compound was quantified at its specific
λmax using the evaluation feature of the VisionCATS software. Table 1 summarises the key
parameters for the standards used in the quantification experiments.

2.9. HPTLC-DPPH Antioxidant Activity

The same chromatographic instrumentation and parameters as described in Section 2.7
were also employed to perform the HPTLC-DPPH analysis for antioxidant activity in the
honey extracts and their respective matched constituents. Seven microliters of each honey
extract were used for the analysis alongside the standards in varying volumes. After
development, the plates were derivatised with 3 mL of 0.4% DPPH solution (1:1 ratio of
methanol and water) using the yellow nozzle and sprayed at level 1 [32,33]. Plate images
were obtained at transmittance in white light after 1 h, 2 h and 3 h. Peak profiles at 517 nm
were also generated and from these the Rf values of the respective peaks were generated.
Each band’s colour in the form of RGB values was determined and then converted into
corresponding hue values [30]. Compounds that possess antioxidant activity will quench
the DPPH radical either by electron transfer or hydrogen atom transfer through radical
attack, which is observed as a discoloration at 517 nm due to the formation of 2,2-diphenyl-
1-hydrazine or a substituted analogue hydrazine [33]. Gallic acid was used as positive
control, its quenching activity resulting in a maximum hue value of 40◦ (yellow colour). All
obtained hue values were calculated using previously reported formula [30]. The DPPH
radical scavenging activity (% DPPH RSA) of a band of interest was calculated as follows:

% DPPH RSA =

(
∆H◦B

H◦P→ 40◦

)
∗ 100 (4)

where: H◦P→ 40◦ –Hue values (◦) of unreacted DPPH on the plate (n = 10), ∆H◦B-hue
values (◦) of the bands up to 40◦ (Note: Hue = 40◦ or yellow was the maximum hue value
of the gallic acid).

The respective band’s % DPPH RSA was then categorised as indicated in Table 3.
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Table 3. Categories of antioxidant activity for individual bands based on DPPH % RSA.

% DPPH RSA Category Inference

0.0% 0 No activity

1.0–33.3% + Low activity

33.4–66.6% ++ Medium activity

66.7–100.0% +++ High activity

The DPPH antioxidant activity of luteolin, epicatechin, epigallocatechin gallate, gallic
acid, protocatechuic acid, m-coumaric acid and kojic acid was analysed at varying con-
centrations to validate the bioautographic analysis. Furthermore, the DPPH antioxidant
activity of the matched compounds was determined at low and high concentrations to
determine their inherent antioxidant activity.

2.10. Statistical Analysis

Analysis of variance (ANOVA) was performed using Graphpad Prism 9 (GraphPad
Software, San Diego, CA, USA) in order to determine whether there was a significant
difference in the total phenolic content, FRAP activity, and DPPH antioxidant activity of
different honeys. Tukey’s post hoc comparisons were used to identify differences between
the groups (p < 0.05).

3. Results
3.1. Total Phenolic Content

Table 4 shows the average total phenolic content for Calothamnus spp. (Red Bell),
Agonis flexuosa (Coastal Peppermint), Corymbia calophylla (Marri), and Eucalyptus marginata
(Jarrah) honeys. Individual sample values, expressed as mg GAE/100 g of honey and
based on the 32 samples tested, ranged from 18.91 (Marri honey) to 75.56 (Red Bell honey),
with an overall average of 59.4. Individual TPC values for each investigated honey are
shown in Table S2 (Supplementary Materials). The average TPC value for Red Bell honey
(n = 8) was found to be the highest (59.4 ± 7.91 mg GAE/100 g), followed by Jarrah honey
(50.58 ± 3.76 mg GAE/100 g), Coastal Peppermint honey (36.08 ± 4.2 mg GAE/100 g)
and Marri honey (29.15 ± 5.46 mg GAE/100 g). The average TPC of the four honeys
differed significantly when analysed using One way ANOVA (p < 0.0001). Tukey’s post hoc
analysis demonstrated that Red Bell honey had higher TPC than the other three honeys
(Coastal Peppermint and Marri honey (p = <0.0001), Jarrah honey (p = 0.0407) while Jarrah
honey also showed higher TPC compared to Coastal Peppermint (p = 0.0016) and Marri
(p = <0.0001) honeys). No difference, however, was observed when the mean TPC values
of Coastal Peppermint and Marri honeys were compared (see Figure 2).
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Table 4. Total phenolic content and antioxidant activity of different Western Australian honeys.

Assay Honey Mean Range Minimum Maximum

TPC (mg GAE/100 g)

Calothamnus spp. (Red Bell, n = 8) 59.4 ± 7.91 27.48 48.09 75.56

Agonis flexuosa (Coastal Peppermint, n = 5) 36.08 ± 4.20 12.66 30.05 42.71

Corymbia calophylla (Marri, n = 13) 29.15 ± 5.46 17.7 18.91 36.61

Eucalyptus marginata
(Jarrah, n = 6) 50.58 ± 3.76 9.85 46.24 56.09

FRAP (mmol Fe2+/kg)

Calothamnus spp. (Red Bell, n = 8) 9.24 ± 1.68 4.90 6.76 11.66

Agonis flexuosa (Coastal Peppermint, n = 5) 5.45 ± 1.64 4.72 3.69 8.41

Corymbia calophylla (Marri, n = 13) 4.48 ± 0.82 3.05 3.47 6.52

Eucalyptus marginata
(Jarrah, n = 6) 6.83 ± 1.38 3.61 5.20 8.81

DPPH mmol TE/kg

Calothamnus spp. (Red Bell, n = 8) 3.88 ± 0.96 2.95 2.45 5.41

Agonis flexuosa (Coastal Peppermint, n = 5) 2.04 ± 0.57 1.61 1.45 3.06

Corymbia calophylla (Marri, n = 13) 1.76 ± 0.58 2.35 1.01 3.36

Eucalyptus marginata
(Jarrah, n = 6) 2.3 ± 0.76 2.08 1.67 3.75
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Figure 2. Comparison of the TPC (A), FRAP (B), and DPPH (C) of Calothamnus spp. (Red Bell), Agonis
flexuosa (Coastal Peppermint, CP), Corymbia calophylla (Marri), and Eucalyptus marginata (Jarrah) honey.
(Tukey post-hoc comparison: ns (not significant) = p > 0.05, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005,
**** = p < 0.0001).

3.2. Ferric Reducing Antioxidant Power (FRAP) Assay

Table 4 shows the average FRAP antioxidant activity of the investigated Western
Australian honeys, expressed as mmol Fe2+ equivalent/kg. Based on the analysis of the
32 individual samples tested, mean FRAP activity was 6.26 and ranged from 3.47 (Corymbia
calophylla (Marri) honey) to 11.66 (Calothamnus spp. (Red Bell) honey). The FRAP antioxi-
dant activity of individual honeys is shown in Table S2 (Supplementary Materials). When
the means of each honey type were analysed, it was found that Calothamnus spp. (Red Bell)
honey had the highest activity, followed by Eucalyptus marginata (Jarrah), whereas Agonis
flexuosa (Coastal Peppermint) and Corymbia calophylla (Marri) honey had comparable FRAP
activity. One way ANOVA analysis demonstrated a significant difference (p = <0.0001)
between the means of the honeys and post hoc analysis showed that the average Red
Bell honey’s FRAP activity was higher than that of Jarrah honey (p = 0.01030), Coastal
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Peppermint honey (p = 0.0001), and also Marri honey (p = <0.0001). The FRAP activity of
Jarrah honey was also found to be higher than that of Marri honey (p = 0.0058), whereas
Coastal Peppermint and Marri honeys had comparable average FRAP antioxidant activities
(p = 0.5061) (see Figure 2). In line with findings reported by others [46–49], a high correla-
tion (0.912) was observed between FRAP antioxidant activity and TPC, indicating that the
antioxidant activity of these honeys is strongly related to their phenolic constituents.

3.3. 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Radical Scavenging Assay

Table 4 shows the average DPPH radical scavenging activity of the investigated
Western Australian honeys, expressed as mmol TE/kg honey. Based on the results of
the analysed 32 samples, a mean radical scavenging activity of 2.44 was found, ranging
from 1.01 (Corymbia calophylla (Marri) honey) to 5.41 (Calothamnus spp. (Red Bell) honey).
The DPPH radical scavenging activity of individual honey samples is shown in Table S2
(Supplementary Materials). When the mean values were compared, it was found that Red
Bell honey had the highest activity. One way ANOVA analysis found a significant difference
(p = 0.0001) amongst the means of the different honeys and post hoc analysis demonstrated
that the mean DPPH antioxidant activity of Red Bell honey was higher when compared to
Eucalyptus marginata (Jarrah) (p = 0.0026), Agonis flexuosa (Coastal Peppermint) (p = 0.0053),
and Marri honey (p = <0.0001). Jarrah, Coastal Peppermint and Marri honey, have, however,
comparable DPPH radical scavenging activities (p = >0.05) (see Figure 2). A high correlation
(0.832) between DPPH antioxidant activity and TPC values of the individual honeys was
observed, confirming that phenolic constituents contribute to honey’s antioxidant activity.
Furthermore, a high correlation (0.948) between DPPH and FRAP antioxidant activity was
also observed.

3.4. Phenolic Compound Identification

The phenolic compound identification was carried out based on a previously reported
database filtering approach [30]. The summary of the data (as described in Section 2.7)
used to determine the identity of various phenolic constituents in the four investigated
pooled honey samples is shown in Tables S3–S18 (Supplementary Materials). In addition,
the identified candidate compounds for each significant band in the four different Western
Australian honeys are shown in Table 5 along with correlations and percent match data
based on the spectral overlays of four different UV-Vis spectra of the unknown and the
candidate match compounds (254 nm and 366 nm prior to derivatisation, and 366 nm after
derivatisation with VSA and NP-PEG reagents).

Based on the results obtained using database 1A and 1B (Figure 3A), the compound at
Rf 0.570 in Calothamnus spp. (Red Bell) honey was identified as protocatechuic acid (10) as
shown by the similarity of the spectral overlays of the unknown band and the standard
when analysing their UV-Vis spectra prior to derivatisation (Figure 4A,B), after derivatisa-
tion with NP-PEG (Figure 4C,D), and also after derivatisation with VSA (Figure 4E,F). The
unknown band at Rf 0.423 in Red Bell honey was identified as epigallocatechin gallate (5),
and the unknown band at Rf 0.226 as kojic acid (14). By employing database 2A and 2B
(Figure 3B), which utilised a less polar solvent, the unknown band at Rf 0.550 in Red Bell
honey was identified as t-cinnamic acid (13), the band at Rf 0.380 as protocatechuic acid
(10), the band at Rf 0.270 as gallic acid (8), and the band at Rf 0.115 as kojic acid (14) (see
Figure 5 for structures).
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Table 5. Match compounds, correlations, and % similarity of match compounds identified in Western
Australian honey (Note: Compound codes are based on a previously published phenolic database
paper [30]).

Honey Data-Base Rf Name
and Code Rf UV DEV % UV NP % UV VS % Match

Calothamnus spp. (Red Bell)

1A and 1B

0.630 none

0.570

Daidzein (31) 0.600 0.926 51.2 0.290 24.2 0.841 64.1

Protocatechuic acid
3,5-DHBA (39) 0.594 0.744 23.1 0.476 38.0 0.819 47.0

Protocatechuic acid (55) 0.577 0.998 100.0 0.978 75.8 0.707 61.2

Vanillic acid (59) 0.623 0.993 45.5 −0.127 15.4 −0.117 42.7

0.455 none

0.423 EGCG (29) 0.407 0.430 57.1 0.711 19.5 0.812 52.7 EGCG

0.382 none

0.327 none

0.299 none

0.226 Kojic Acid (105) 0.287 0.952 39.7 0.583 33.8 −0.072 13.1 Kojic Acid

0.178 none

0.110 none

0.078 none

0.050 none

0.020 none

2A and 2B

0.550

m-Toluic Acid, (51) 0.577 0.817 18.7 −0.574 1.2 −0.684 1.99

t-Cinnamic acido-Toluic Acid, (53) 0.591 0.791 18.7 0.606 31.5 −0.805 1.99

t-Cinnamic acid, (75) 0.557 0.963 28.6 −0.376 7.6 0.584 5.98

0.515 none

0.465 none

0.410 none

0.335 none

0.185 none

0.380 Protocatechuic acid (55) 0.377 0.996 65.9 0.987 45.4 0.814 29.1 Protocatechuic acid

0.270 Gallic acid (44) 0.270 0.965 45.0 0.750 40.6 0.580 14.0 Gallic acid

0.115 Kojic Acid (105) 0.130 0.999 50.8 0.779 47.4 0.650 11.1 Kojic Acid

0.075 none

0.028 none

Agonis flexuosa (Coastal Peppermint)

1A and 1B

0.692 none

0.615

Benzoic acid (40) 0.663 0.892 26.4 0.647 96.7 0.364 11.7

Syringic acidMethyl syringate (48) 0.610 0.936 44.0 0.829 25.4 0.738 70.5

Syringic acid (58) 0.577 0.941 45.1 0.859 26.2 0.797 80.8

m-Coumaric acid (67) 0.633 0.848 39.6 0.921 46.7 −0.806 3.2

0.588 Luteolin (15) 0.584 0.758 68.1 0.597 34.7 0.331 16.8 Luteolin

0.500 Epicatechin (27) 0.499 0.646 17.6 0.748 31.4 0.284 16.8 Epicatechin

0.460 Lumichrome (107) 0.464 0.837 67.5 0.832 32.7 0.253 20.2 Lumichrome

0.380 EGCG (29) 0.407 0.804 61.5 0.713 19.5 0.442 15.1 EGCG

0.265 Kojic Acid (105) 0.287 0.979 43.7 0.729 29.8 0.715 31.1 Kojic Acid

0.195 none

0.140 none

0.050 none

2A and 2B

0.475

2,3,4-TMBA (37) 0.453 0.883 23.1 0.631 17.1 −0.620 8.3

m-Coumaric acid

Eudesmic acid (43) 0.478 0.970 28.6 0.793 29.5 0.363 3.4

Methyl syringate (48) 0.471 0.947 40.7 0.805 25.1 0.363 3.4

p-Hydroxybenzoic acid (54) 0.462 0.784 20.9 0.596 10.0 0.589 14.2

m-Coumaric acid (67) 0.467 0.866 80.2 0.906 24.3 0.918 7.7

0.450 none

0.415

Syringic acid (58) 0.395 0.946 34.1 0.967 24.2 0.739 18.5

Syringic acidp-HPAA, HPAAD (82) 0.427 0.742 13.2 0.702 11.0 −0.827 19.9

DL-p-HPLA, HPLAD (84) 0.444 0.777 15.4 0.750 14.3 0.490 29.9

0.375 Luteolin (8) 0.372 0.911 71.3 0.597 66.5 0.781 28.5 Luteolin

0.325 none

0.266 Lumichrome (107) 0.266 0.613 63.4 0.638 12.7 0.796 33.3 Lumichrome

0.235 none

0.180 Epicatechin (27) 0.176 0.727 20.9 0.817 34.3 −0.278 16.8 Epicatechin

0.105 Kojic Acid (105) 0.13 0.962 46.0 0.612 35.1 0.664 46.4 Kojic Acid

0.090 EGCG (29) 0.065 0.852 58.2 0.577 42.2 −0.028 21.7 EGCG

0.050 none
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Table 5. Cont.

Honey Data-Base Rf Name
and Code Rf UV DEV % UV NP % UV VS % Match

Corymbia calophylla (Marri)

1A and 1B

0.697 none

0.620

2,3,4-TMBA (54) 0.637 0.915 21.3 −0.634 12.9 −0.092 78.3

Eudesmic acidEudesmic acid (94) 0.602 0.983 46.7 −0.339 26.7 0.161 32.8

p-Hydroxybenzoic acid (33) 0.663 0.846 20.5 −0.711 12.9 −0.064 70.1

0.600 None

0.550 Luteolin (8) 0.584 0.431 17.1 0.639 90.6 0.500 36.5 Luteolin

0.475 Epicatechin (26) 0.520 0.800 42.9 0.862 12.4 0.765 39.3 Epicatechin

0.375 EGCG (29) 0.407 0.791 79.1 0.679 14.3 0.653 45.6 EGCG

0.250 Kojic Acid (105) 0.241 0.926 98.9 0.711 23.5 −0.061 25.9 Kojic Acid

0.259 none

0.216 none

0.186 none

0.156 none

0.115 none

0.105 none

0.052 none

0.025 none

0.012 none

2A and 2B

0.470

2,3,4-TMBA (37) 0.453 0.977 30.8 0.858 16.8 0.564 11.7

Eudesmic acidEudesmic acid (43) 0.478 0.941 65.9 0.981 44.6 0.334 6.0

p-HBA (54) 0.462 0.955 27.5 0.796 19.8 0.564 14.2

0.426

Methyl syringate (48) 0.471 0.335 18.7 0.820 22.6 0.211 17.9

m-Coumaric acid

o-Anisic acid (52) 0.440 −0.075 23.1 0.604 16.5 0.644 26.5

Syringic acid (58) 0.395 0.350 18.7 0.841 23.3 0.751 20.5

m-Coumaric acid (67) 0.467 0.180 68.1 0.918 42.1 0.758 8.0

DL-p-HPLA (84) 0.444 0.319 9.9 0.641 11.3 0.601 36.5

0.390 Luteolin (8) 0.372 0.574 23.9 0.033 31.5 0.887 34.2 Luteolin

0.346 none

0.300 Taxifolin (25) 0.335 0.758 29.5 0.759 70.1 0.661 8.5 Taxifolin

0.270 Gallic acid (44) 0.270 0.906 71.6 0.655 37.5 0.632 16.5 Gallic acid

0.186 none

0.150 Epicatechin (27) 0.176 0.774 19.8 0.751 35.7 −0.345 35.9 Epicatechin

0.110 Kojic Acid (105) 0.130 0.960 38.9 0.339 32.5 0.633 27.6 Kojic Acid

Eucalyptus marginata (Jarrah)

1A and 1B

0.633

Genistein (33) 0.633 0.959 59.6 0.769 31.6 0.432 40.5

2,3,4-THBA2,3,4-THBA (36) 0.589 0.979 65.1 0.901 76.9 0.900 50.1

p-HBA (54) 0.637 0.885 24.5 −0.653 8.8 0.707 55.8

0.562 none

0.538 none

0.471 Lumichrome (107) 0.471 0.278 59.7 0.090 18.7 0.592 50.5 Lumichrome

0.371 EGCG (29) 0.371 0.940 41.3 0.165 25.4 0.357 31.0 EGCG

0.320 none

0.250 Kojic Acid (105) 0.241 0.970 34.1 0.760 44.3 0.128 45.9 Kojic Acid

0.196 none

0.117 none

0.072 none

2A and 2B

0.525 Hesperetin (18) 0.520 0.598 29.8 0.821 40.6 −0.369 32.2 Hesperetin

0.470

Methyl syringate (48) 0.471 0.912 35.5 0.346 36.8 −0.060 16.0

m-Coumaric acid

m-Coumaric acid (67) 0.467 0.944 76.0 0.334 21.8 0.909 7.7

p-HPAA (82) 0.427 0.709 14.0 0.137 18.0 −0.867 8.8

DL-p-HPLA (84) 0.444 0.690 14.0 0.627 60.2 −0.722 23.1

Phloretic acid (87) 0.46 0.704 14.0 0.641 37.6 −0.538 3.1

0.420 o-Anisic acid (52) 0.44 0.729 25.2 0.689 21.8 0.524 19.9 o-Anisic acid

0.375 none

0.320 Taxifolin (25) 0.335 0.600 63.9 0.800 71.8 0.661 8.5 Taxifolin

0.270 Lumichrome (107) 0.266 0.136 35.1 0.594 12.7 0.745 64.1 Lumichrome

0.130 Kojic Acid (105) 0.13 0.942 53.4 0.969 82.0 0.695 87.9 Kojic Acid

0.090 EGCG (29) 0.065 0.978 47.7 0.806 49.6 −0.478 14.6 EGCG
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Figure 3. HPTLC Profile of Calothamnus spp. (Red Bell) honey (A,B) and Agonis flexuosa (Coastal
Peppermint) honey (C,D) using MPA (A,C), and MPB (B,D). (a) Plate images obtained under the
following light conditions: 254 nm prior to derivatisation (1), 366 nm prior to derivatisation (2),
366 nm after derivatisation with NP-PEG (3), 366 nm after derivatisation with VSA (4), transmittance
in white light after derivatisation with VSA (5); (b) Chromatograms prior to derivatisation obtained
at 254 nm and 366 nm.
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Figure 4. Spectra overlay of unknown band at Rf 0.390 in Calothamnus spp. (Red Bell) honey
vs. protocatechuic acid (10) using MPB. (A)—UV-Vis spectra and (B)—overlay of the ±0.125 AU
comparison prior to derivatisation, (C)—UV-Vis spectra, (D)—overlay of the ±0.125 AU comparison
after derivatisation with NP-PEG, (E)—UV-Vis spectra, (F)—overlay of the ±0.125 AU comparison
after derivatisation with VSA.
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Figure 5. Structures of the compounds identified in Western Australian honeys (generated using
ChemDraw version 20.1.1, PerkinElmer Informatics, Inc., Waltham, MA, USA).
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All other compounds reported here were identified in the three other honey samples in
the same manner. Table 2 summarises the identified honey constituents. Figure 3C,D shows
the identified compounds in Agonis flexuosa (Coastal Peppermint) honey. Figure 6A,B sum-
marises the identified compounds in Corymbia calophylla (Marri) honey, while Figure 6C,D
summarises the identified compounds in Eucalyptus marginata (Jarrah) honey.
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Figure 6. HPTLC Profile of Corymbia calophylla (Marri) honey (A,B) and Eucalyptus marginata (Jarrah)
honey (C,D) using mobile phase A (A,C), and mobile phase B (B,D). Plate images (a) obtained under
the following light conditions: 254 nm prior to derivatisation (1), 366 nm prior to derivatisation (2),
366 nm after derivatised with NP-PEG (3), 366 nm after derivatisation with VSA (4), transmittance in
white light after derivatisation with VSA (5) and chromatograms (b) prior to derivatisation obtained
at 254 nm and 366 nm.

A comparison between the peak profile of each honey and the respective honey over-
spotted with a mixture of its identified constituents was also used to further confirm the
phenolic compound determination. For confirmation, scans were performed, for example,
at each specific λmax of each identified compound in Calothamnus spp. (Red Bell) honey
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(Figure 7A–D) using databases 2A and 2B and based on this analysis, the Rf of the matched
compounds were found to be similar to that of the identified bands in the honey. Moreover,
an increase in the absorbance confirmed the presence of the compounds in the honey.
Profile comparisons for the other investigated honeys are included in the Supplementary
Materials (Figures S5–S11).

Antioxidants 2023, 12, x FOR PEER REVIEW 19 of 35 
 

 

Figure 7. (A–D) Peak profile comparison of Calothamnus spp. (Red Bell) honey (green) and Calotham-

nus spp. (Red Bell) honey spiked with the identified compounds based on Database 2A and 2B (blue) 

scanned at the λmax of each specific compound prior to derivatisation. 

3.5. Phenolic Compound Quantification 

Optimised parameters, such as standard concentrations, application volumes, mode 

in obtaining the profile/chromatogram, and derivatisation for quantification of the iden-

tified phenolic compounds in the four pooled honey samples, are shown in Table S19 

(Supplementary Materials). Based on the findings of the optimisation, it was concluded 

that standard concentrations ranging from 5 µg/mL to 50 µg/mL, application volumes 

ranging from 5.0 to 9.8 µL (1.2 µL interval), peak profiles obtained by scanning the plate 

at the respective specific λmax, and the absence of any derivatisation constituted the best 

approach for quick and accurate quantification of phenolic compounds in the honey ma-

trices. Linearity was observed to be greater than 0.99 for each standard and the percent 

recovery ranged from 95.2 to 102.6%. Table 2 details the standard concentrations, linearity, 

and % recovery of each identified constituent that was used in the quantification experi-

ment. Furthermore, a sample of an HPTLC plate and its corresponding peak profile used 

in the quantification of phenolic compounds in Calothamnus spp. (Red Bell) honey is 

shown in Figure 8A–C. 

Figure 7. (A–D) Peak profile comparison of Calothamnus spp. (Red Bell) honey (green) and
Calothamnus spp. (Red Bell) honey spiked with the identified compounds based on Database 2A
and 2B (blue) scanned at the λmax of each specific compound prior to derivatisation.

3.5. Phenolic Compound Quantification

Optimised parameters, such as standard concentrations, application volumes, mode in
obtaining the profile/chromatogram, and derivatisation for quantification of the identified
phenolic compounds in the four pooled honey samples, are shown in Table S19 (Supplemen-
tary Materials). Based on the findings of the optimisation, it was concluded that standard
concentrations ranging from 5 µg/mL to 50 µg/mL, application volumes ranging from 5.0
to 9.8 µL (1.2 µL interval), peak profiles obtained by scanning the plate at the respective
specific λmax, and the absence of any derivatisation constituted the best approach for quick
and accurate quantification of phenolic compounds in the honey matrices. Linearity was
observed to be greater than 0.99 for each standard and the percent recovery ranged from
95.2 to 102.6%. Table 2 details the standard concentrations, linearity, and % recovery of
each identified constituent that was used in the quantification experiment. Furthermore, a
sample of an HPTLC plate and its corresponding peak profile used in the quantification of
phenolic compounds in Calothamnus spp. (Red Bell) honey is shown in Figure 8A–C.
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1 
 

 
Figure 8. (A) HPTLC Images of the compound mixture of identified compounds in Calothamnus spp.
(Red Bell) honey using various application volumes (Tracks 2–6) as compared to Red Bell honey
(Track 12), and Red Bell honey spiked with the mixture of identified compounds (Track 15); (B) peak
profile of compounds identified in Calothamnus spp. (Red Bell) honey; (C) peak profile of Red Bell
honey (green), and Red Bell honey spiked with the identified compound mixture (blue) scanned at
295 nm using MPB.
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By utilising the optimised conditions, the concentration of the compounds identified
in honey ranged from 0.003 µg/g (t-cinnamic acid (13)) to 13.49 µg/g (2,3,4-trihydroxy
benzoic acid (6)) (see Table 6 for the specific quantities).

Table 6. Quantity of Specific Phenolic Constituents (in µg/g, n = 3) identified in different Western
Australian Honeys.

Compound
(see Figure 5

for Structures)
Calothamnus spp. (Red Bell) Agonis flexuosa (Coastal

Peppermint) Corymbia calophylla (Marri) Eucalyptus marginata
(Jarrah)

Luteolin (1) - 1.14 ± 0.00 1.50 ± 0.01 -

Hesperitin (2) - - - 0.62 ± 0.01

Taxifolin (3) - - 1.40 ± 0.01 1.34 ± 0.00

Epicatechin (4) - 6.90 ± 0.03 2.40 ± 0.03

EGCG (5) 3.81 ± 0.01 2.45 ± 0.04 5.11 ± 0.03 5.61 ± 0.04

2,3,4-THBA (6) - - - 13.49 ± 0.16

Eudesmic acid (7) - - 3.25 ± 0.02 -

Gallic acid (8) 1.64 ± 0.00 - 5.84 ± 0.00 -

o-Anisic acid (9) - - 3.52 ± 0.04

Protocatechuic acid (10) 5.09 ± 0.02 - - -

Syringic acid (11) - 1.47 ± 0.02 - -

m-Coumaric acid (12) - 0.58 ± 0.02 0.54 ± 0.02 0.72 ± 0.01

t-Cinnamic acid (13) 0.003 ± 0.00 - - -

Kojic acid (14) 3.64 ± 0.00 2.88 ± 0.02 1.32 ± 0.01 0.64 ± 0.01

Lumichrome (15) - 1.94 ± 0.01 - 1.03 ± 0.00

Protocatechuic acid (10) was found to be the most abundant constituent in Calothamnus
spp. (Red Bell) honey, followed by epigallocatechin gallate (5), kojic acid (14), gallic
acid (8), and t-cinnamic acid (13). In the case of Agonis flexuosa (Coastal Peppermint) honey,
epicatechin (4) was found to be the most abundant, followed by kojic acid, epigallocatechin
gallate, lumichrome (15), syringic acid (11), luteolin (1), and m-coumaric acid (12). For
Corymbia calophylla (Marri) honey, gallic acid was found to be the most abundant compound,
followed by epigallocatechin gallate, eudesmic acid (7), epicatechin, luteolin, taxifolin (3),
kojic acid, and m-coumaric acid (12). 2,3,4-Trihydroxy benzoic acid (6) was found to be the
most abundant compound in Eucalyptus marginata (Jarrah) honey, followed by epicatechin,
o-anisic acid (9), taxofolin, lumichrome, m-coumaric acid, kojic acid, and hesperitin (2) (see
Figure 5 for structures).

3.6. HPTLC DPPH Assay

The DPPH-HPTLC assay was carried out to determine which constituents contributed
to the respective honey’s overall antioxidant activity. Previously, the HPTLC-DPPH as-
say was developed to determine the DPPH antioxidant activity after 1 h of exposure to
the reagent, the corresponding peak profiles were obtained using white light, and the
antioxidant activity was expressed as mg GAE/100 g of honey [32]. In this experiment,
incubation time as well as the mode for peak profile generation were optimised (Figure
S12, Supplementary Materials). It was found that the colour of the unreacted DPPH on
the plate degraded by 14.7% after 2 h and by 19.3% after 3 h. It was also observed that a
significant decrease in the absorbances of the test compounds was observed after 2 and
3 h of incubation time as compared to 1 h (Figure S8, Supplementary Materials). Fur-
thermore, naringenin (used as reference standard) showed a DPPH radical scavenging
activity (% DPPH RSA) of 66.5% after 1 h, 81.4% after 2 h, and 81.9% after 3 h of incubation.
DPPH scavenging activity is generally evaluated at the point when the absorbance remains
constant [50]. Because of this, in this study the photo-documentations and the recording
of the corresponding peak profiles were carried out after 2 h in order to allow sufficient
time for compounds to react with the DPPH reagent but not too long that the reagent
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would autodegrade and produce false positive results. Furthermore, it was also observed
that peak profiles generated using a scan at 517 nm were more sensitive in determining
the reaction of the individual bands as compared to profiles generated using white light,
and therefore scanning at 517 nm was adopted for all analyses in this study (Figure S12,
Supplementary Materials).

The use of a change in hue to determine the DPPH antioxidant activity was also
validated. Based on the findings (Table 7), all standards showed an increase in % DPPH
RSA which correlated with increases in sample concentration, indicating that hue values
can be a very useful tool in describing the antioxidant activity of a particular compound.

Table 7. Colour and % DPPH RSA of various compounds tested for validation of the HPTLC-DPPH analysis.

Sample Conc. (µg/mL)

H◦ %RSA

R2Volume Application (µL) Volume Application (µL)

5 6.2 7.4 8.6 9.8 5 6.2 7.4 8.6 9.8
Plate (unreacted DPPH) 0.0 335.0 335.0 335.0 335.0 335.0 0 0 0 0 0 NA

Luteolin (1) 12.5 347.9 358.5 3.8 11.6 15.9 19.8 36.2 44.3 56.3 62.9 0.979
Epicatechin (4) 50.0 22.7 29.2 32.3 35.6 36.2 73.4 83.4 88.2 93.2 94.2 0.916

Epigallocatechin gallate (5) 50.0 27.0 29.3 33.2 35.0 36.5 80.0 83.5 89.5 92.3 94.6 0.972
Gallic acid (8) 25.0 23.0 31.5 34.0 35.9 38.3 73.8 86.9 90.8 93.7 97.4 0.883

Protocatechuic acid (10) 25.0 28.8 32.7 34.6 34.8 35.0 82.8 88.8 91.7 92.0 92.3 0.768
m-Coumaric acid (12) 25.0 349.9 352.6 353.9 354.1 359.2 22.9 27.1 29.1 29.4 37.2 0.984

Kojic acid (14) 25.0 1.5 6.3 10.6 12.7 14.3 40.8 48.2 54.8 58.0 60.5 0.950

The DPPH antioxidant activity of the four pooled and extracted Western Australian
honeys along with the phenolic compounds that were previously identified in each honey
were analysed in the HPTLC-DPPH assay using two solvent systems (MPA and MPB).
Figure 8 shows the DPPH-HPTLC plate of Red Bell honey. The images of the other honeys
are shown in Figures S13–S15.

Calothamnus spp. (Red Bell) honey was found to have nine bands with DPPH antioxi-
dant activity of which the band at Rf 0.390 had very high activity, a medium activity band
was found at Rf 0.115, and low activity bands at Rf 0.505, 0.450, 0.281, 0.246, 0.207, and
0.174. A total of nine bands were also observed to be antioxidant in the case of Agonis
flexuosa (Coastal Peppermint) honey, where the bands at Rf 0.473, 0.395, 0.352, 0.279, 0.187,
0.114, 0.100, and 0.090 were all found to be low in activity. Corymbia calophylla (Marri)
honey presented 11 antioxidant bands, of which a medium active antioxidant band was
found at Rf 0.391, while bands at Rf 0.484, 0.444, 0.391, 0.313, 0.275, 0.26, 0.212, 0.179,
0.146, 0.105 were all low in activity. Eucalyptus marginata (Jarrah) honey, on the other hand,
showed 12 antioxidant bands, of which the band at Rf 0.391 had medium activity and
low activity bands were observed at Rf 0.530, 0.455, 0.322, 0.282, 0.254, 0.22, 0.189, 0.147,
0.117, 0.100, 0.083, and 0.024. The average antioxidant band activity of each honey (% AVE)
was also calculated based on the total % DPPH RSA over the total number of antioxidant
bands. It was found that Calothamnus spp. (Red Bell) honey had an average of 33.6% DPPH
RSA, Eucalyptus marginata (Jarrah) honey had an average of 21.1%, Agonis flexuosa (Coastal
Peppermint) honey an average of 18.4%, and Corymbia calophylla (Marri) honey an average
of 18.2%, a trend which is similar to that reported for the total DPPH antioxidant activity of
each individual honey (Table 8).
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Table 8. Percentage DPPH RSA antioxidant activity of individual bands in Calothamnus spp. (Red
Bell), Agonis flexuosa (Coastal Peppermint), Corymbia calophylla (Marri) and Eucalyptus marginata
(Jarrah) honey along with their corresponding matched compounds.

Sample Rf Match
Compounds H◦ % RSA Category % AVE

Baseline NA NA 335.0 0.0 0 0
Gallic acid (8) NA NA 38.3 97.4 +++ 97.4

Calothamnus spp. (Red Bell)

0.562 t-CA 335.0 0.0 0

33.6

0.505 - 342.6 11.7 +
0.450 - 344.6 14.8 +
0.390 ProA 37.9 96.8 +++
0.281 GA 339.1 6.3 +
0.246 - 337.2 3.4 +
0.207 - 340.6 8.6 +
0.174 - 338.7 5.7 +
0.115 KA 14.5 60.8 ++
0.000 - 36.3 94.3 +++

Agonis flexuosa (Coastal
Peppermint)

0.473 m-CoA 342.3 11.2 +

18.4

0.420 SyrA 335.0 0.0 0
0.395 Lut 344.4 14.5 +
0.352 - 336.9 2.9 +
0.279 Lum 337.1 3.2 +
0.187 Epi 337.6 4.0 +
0.114 - 337.7 4.2 +
0.100 KA 344.8 15.1 +
0.090 EGCG 344.8 15.1 +
0.000 - 37.3 95.8 +++

Corymbia calophylla (Marri)

0.484 EudA 336.1 1.7 +

18.2

0.444 m-CoA 340.9 9.1 +
0.391 Lut 7.6 50.2 ++
0.313 Tax 342.5 11.5 +
0.275 GA 337.4 3.7 +
0.260 - 337.2 3.4 +
0.212 - 337.6 4.0 +
0.179 Epi 337.6 4.0 +
0.146 - 339.1 6.3 +
0.105 KA 343.9 13.7 +
0.00 - 35.2 92.6 +++

Eucalyptus
marginata (Jarrah)

0.530 Hesp 335.0 0.0 0

21.1

0.455 o-AA 344.3 14.3 +
0.420 m-CoA 335.0 0.0 0
0.391 - 8.3 51.2 ++
0.322 Tax 336.1 1.7 +
0.282 Lum 336.3 2.0 +
0.254 - 339.1 6.3 +
0.220 - 336.6 2.5 +
0.189 - 336.6 2.5 +
0.147 - 337.6 4.0 +
0.117 - 339.4 6.8 +
0.100 KA 351.6 25.5 +
0.083 EGCG 350.3 23.5 +
0.024 - 350.8 24.3 +
0.00 - 32.3 88.2 +++

The DPPH antioxidant activity of the compounds identified in each pooled honey
sample was also determined at a low concentration to mimic the concentration of the com-
pounds in each honey and also at a high concentration in order to determine whether the
activity is based on its concentration in the honey or an inherent antioxidant activity of the
constituent (see Table 9). Based on the data generated, it was found that most compounds
were antioxidant with the exception of eudesmic acid, o-anisic acid, t-cinnamic acid, and
lumichrome, which remained inactive even when analysed at a higher concentration (see
Figure 5 for structures).
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Table 9. Colour and % DPPH RSA of matched compounds at a higher and lower application volume
(Note: See Table 3 for Antioxidant Category and Inference).

Compound and Code Sample
Applied (ng) H◦ %

RSA Category Sample
Applied (ng) H◦ % RSA Category No. of OH Bors

Criteria Remarks

background (plate) 0 336.6 0.0 0 0 336.6 0.0 0 NA NA NA
Luteolin

(1) 87.5 336.7 2.6 + 350 20.3 69.7 ++ NA 1 Active

Hesperetin
(2) 87.5 334.0 −1.5 0 700 356.9 31.2 + 3 None Active

Taxifolin
(3) 35 340.6 8.6 + 140 2.4 42.2 ++ NA 1,3 Active

Epicatechin
(4) 350 33.1 89.4 +++ 700 37.1 95.5 +++ NA 1 Active

Epigallocatechin gallate (5) 350 28.7 82.6 +++ 700 36.8 95.1 +++ NA 1 Active
2,3,4-Trihydroxy benzoic

acid (6) 175 345 15.4 + 700 28.9 85.8 + 3 NA Active

Eudesmic acid (7) 350 333.7 −2.0 0 1400 336.6 0.0 0 0 NA Inactive
Gallic acid

(8) 175 354.1 29.4 + 700 38.2 97.2 +++ 3 NA Active

o-Anisic acid
(9) 175 333.7 −2.0 0 700 334.5 −3.2 0 0 NA Inactive

Protocatechuic acid (10) 175 10.4 54.5 ++ 700 34.6 91.7 +++ 2 NA Active
Syringic acid (11) 175 340.6 8.6 + 700 31.8 87.4 +++ 1 NA Active

m-Coumaric acid (12) 175 336.6 2.5 + 700 352.9 25.1 + 1 NA Active
t-Cinnamic acid (13) 87.5 334.0 −1.5 0 700 337.2 0.9 + 0 NA Inactive

Kojic acid
(14) 175 344.6 14.8 + 700 11.6 56.3 ++ 1 NA Active

Lumichrome (15) 35 333.7 −2.0 0 140 336.6 0.0 0 0 NA Inactive

For Calothamnus spp. (Red Bell) honey, one of the identified constituents, t-cinnamic
acid at Rf 0.562, was observed to be inactive, which was consistent with the finding that the
t-cinnamic acid (13) standard did not possess any DPPH antioxidant activity. The other
compounds in Red Bell honey, identified as protocatechuic acid (10) at Rf 0.390, gallic acid
(8) at Rf 0.281, and kojic acid (14) at Rf 0.115, were found to be the dominant antioxidants
in the honey (Figure 9B).

For Agonis flexuosa (Coastal Peppermint) honey, the respective quantities present
for the bands at Rf 0.473 (m-coumaric acid (12)), at Rf 0.420 (syringic acid (11)), at Rf
0.395 (luteolin (1)), at Rf 0.187 (epicatechin (4)), at Rf 0.100 (kojic acid (14)), and at Rf
0.090 (epigallocatechin gallate (5)), showed the expected antioxidant activity based on
the calibrated antioxidant activity of the standards, except for the constituent at Rf 0.279
(identified as lumichrome (15)) which showed an unexpected result since lumichrome
standard itself was found to be inactive, indicating that there might be a constituent that
was co-eluting with lumichrome at this Rf value which might cause the honey band at this
Rf to show antioxidant activity (Figure S13, Supplementary Materials).

In the case of Corymbia calophylla (Marri) honey, the bands at Rf 0.484 (eudesmic
acid (7)), Rf 0.444 (m-coumaric acid), Rf 0.391 (luteolin), Rf 0.313 (taxifolin (3)), Rf 0.275
(gallic acid (8)), Rf 0.179 (epicatechin), and Rf 0.105 (kojic acid) all showed the expected an-
tioxidant activity consistent with that of the calibrated antioxidant activity of the standards
(Figure S14, Supplementary Materials).

For Eucalyptus marginata (Jarrah) honey, the band at Rf 0.530, identified as hesperitin (2),
was found to be consistent in its behaviour with the analysed activity of the corresponding
standard, which was found to be inactive at low concentration. The band at Rf 0.455
(o-anisisc acid (9)) was found to be active, whereas the corresponding standard showed
no activity, even at higher concentration, implying that this honey band has a co-eluting
constituent which causes a low level of antioxidant activity. The band at Rf 0.282 was
identified as lumichrome (15), which showed a very low level of activity similar to the
standard, which was found to be inactive in the investigated concentrations. The activity of
the compounds at Rf 0.420 (m-coumaric acid (12)), Rf 0.322 (taxifolin (3)), Rf 0.100 (kojic
acid (14)), and Rf 0.083 (epigallocatechin gallate (5)) were found to be consistent with the
activity of the respective standards (Figure S15, Supplementary Materials).
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Figure 9. HPTLC-DPPH plate image (a) of Calothamnus spp. (Red Bell) honey after development in
MPA (A) and after development in MPB (B) recorded with transmission white light, and comparison
of the peak profiles of Calothamnus spp. (Red Bell) honey (green) and Red Bell honey spiked with the
identified compounds (blue) after derivatisation with DPPH reagent and scanning at 517 nm (b-left)
and comparison of the profiles of Calothamnus spp. (Red Bell) honey obtained at 254 nm (green) and
366 nm (blue) prior to derivatisation and the profile of Calothamnus spp. (Red Bell) honey spiked with
the identified compounds (gray) obtained at 254 nm prior to derivatisation (b-right).

4. Discussion

The data obtained in the TPC assay were consistent with previous studies where
Red Bell honey had shown higher phenolic content than nine other monofloral honeys
from Western Australia [37]. By using the same conditions for the assay, Manuka honey
from Australia and New Zealand [43] was found to have a TPC of 35.08 mg GAE/100 g
(minimum 22.6, maximum 66.3) indicating that Calothamnus spp. (Red Bell) honey and
also Eucalyptus marginata (Jarrah) honey have higher TPC than Manuka honey, which
is generally seen as a honey with high antioxidant activity [51]. By comparing the find-
ings of this study with TPC data for other monofloral honeys across the globe, TPC
values of 18.9 ± 3.82 to 23.7 ± 4.37 GAE/100 g [52] were reported for some Romanian
monofloral honeys, while Mexican monofloral honeys had TPC range of 18.02 ± 0.49 to
102.77 ± 1.29 GAE/100 g [53], Czech and Slovak honeys had TPC between 54.0 ± 1.7 and
254.2 ± 1.4 GAE/100 g [54], and Brazilian honeys were reported to have TPC between 13.3
and 100 GAE/100 g [55]. The TPC values obtained in this study are lower in comparison.
The assay used in this study was, however, a modified Folin–Ciocalteu assay in which the
concentration of the sodium carbonate solution was optimised in such a way that sugar
interference was muted, as sugars were also observed to react with the reagent leading to
an overestimation of TPC without this modification [41].

Similar to the generated TPC values, the FRAP activity of Calothamnus spp. (Red
Bell) honey was also observed to be higher compared to the other investigated West-
ern Australian honeys [37] and also when compared to that of Manuka honey (2.88 to
10.72 mmol Fe2+/kg) [43]. By comparing the FRAP activity with that of other monofloral
honeys from across the globe, Bangladeshi monofloral honeys were reported to have FRAP
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activity of 1.00–8.00 mmol Fe2+/kg [56], the FRAP activity of Oak honeydew honey from
Croatia was reported to be 4.8 mmol Fe2+/kg [57], Polish monofloral honeys were reported
to have between 1.00 and 7.00 mmol Fe2+/kg FRAP activity [58], and Thai monofloral
honeys 0.61 to 4.34 mmol Fe2+/kg [59]. Compared to these findings, the honeys from
Western Australia investigated in this study showed a higher FRAP activity.

The DPPH radical scavenging activity of Calothamnus spp. (Red Bell) honey was
also observed to be higher compared to the other investigated Western Australian
honeys [37] and when compared to that of Manuka honey (mean = 1.98, range of
0.56 to 4.35 mmol TE/kg) [43]. Polish monofloral honeys were reported to have 0.20 to
1.20 mmol TE/kg DPPH activity [58], Oak honeydew honey from Croatia was reported
to have a DPPH activity of 4.5 mmol TE/kg [57], and Thai monofloral honeys of 0.107
to 1.224 mmol TE/kg [59]. These values were lower compared to the DPPH radical
scavenging activity of the investigated WA honeys.

High correlations between TPC values, FRAP and DPPH antioxidant activity were
observed in this study, consistent with other reports [46–49]. DPPH and FRAP assays
were chosen to express the total antioxidant activities of honey because the application
of multiple assays can be helpful in reflecting the antioxidant properties of honeys more
accurately than a single assay can do [60]. DPPH and FRAP assays have been widely used
to determine the antioxidant activity of various plant extracts and food products since they
use stable free radicals and the determination of antioxidant capacity is simple, quick and
easy to perform, results are readily validated, accurate, and highly reproducible and the
reagents are inexpensive and easy to prepare [61,62]. The TPC assay was employed to
confirm that the antioxidant assay can be attributed to the phenolic compounds present in
honey as it has been found that high antioxidant potential in FRAP and DPPH assays is
usually observed for samples with high phenolic and flavonoid content [11].

By employing the HPTLC database to identify the phenolic constituents in the honeys,
kojic acid (14) and epigallocatechin gallate (5) were found in all investigated honeys. m-
Coumaric acid (12) was present in most honeys except Calothamnus spp. (Red Bell) honey.
Lumichrome (15) was identified in Agonis flexuosa (Coastal Peppermint) and Eucalyptus
marginata (Jarrah) honey, gallic acid (8) was found in both Red Bell and Corymbia calophylla
(Marri) honey, taxifolin (3) was only found in Marri and Jarrah honey, while luteolin (1)
and epicatechin (4) were only found in Coastal Peppermint and Marri honey. Hesper-
itin (2) was only identified in Jarrah honey, eudesmic acid (7) only in Marri honey, syringic
acid (11) only in Coastal Peppermint honey, and protocatechuic acid (10) and t-cinnamic
acid (13) only in Red Bell honey. Compounds that were only identified in a specific honey
might in the future potentially be used as biomarkers for that honey.

The HPTLC-based database for phenolic compound identification was previously
employed in the analysis of Manuka honey where kojic acid, gallic acid, epigallocatechin
gallate, lumichrome, 2,3,4-trihydroxy benzoic acid, and o-anisic acid were also identified.
However, leptosperine, mandelic acid, lepteridine, methyl syringate, salicylic acid, and
benzoic acid were only found in Manuka honey [30]. This implies that there are some
compounds that are ubiquitous in honeys while others are unique and can only be found in
a certain honey. Since all the honeys investigated in this study along with Manuka honey
belong to the plant family Myrtaceae, it can be speculated that this might explain some of
the overlaps in the compounds identified in the four honey types.

To date, reports on the presence and concentration of phenolic compounds in honeys
originating from Western Australia has been very scant. Prior to this study, only for
Jarrah honey had some compounds been reported. Using HPLC-ESI-MS/MS analysis,
Anand et al. in 2019 were able to quantify quercetin, hesperitin, cinnamic acid, methyl
syringate, rutin, sinapic acid, ferulic acid, p-coumaric acid, phenyllactic acid, syringic acid,
caffeic acid, vanillic acid, chlorogenic acid, p-hydroxybenzoic acid, protocatechuic acid,
and gallic acid [39]. By employing the HPTLC-based database in this study, only hesperitin
was identified from the compounds reported by Anand et al., which can be attributed to
a number of reasons: Firstly, Anand et al. (2019) utilised a Strata-X cartridge solid phase
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extraction which was eluted with acidified water (pH-2), and then with methanol prior to
their analysis [39]. This study, however, employed a liquid–liquid solvent extraction using
dichloromethane and methanol (1:1) as a solvent system.

The solvent system used in the development of the HPTLC plates was toluene:
ethyl acetate: formic acid 6:5:1 (MPB) which has frequently been used to fingerprint
honeys [32,33,40,63,64]. A more polar solvent system, toluene: ethyl acetate: formic acid
2:8:1 (MPA), was also utilised in order to identify compounds of higher polarity. A better
separation in the bands in honey was observed with MPB, however, it was found to be
unable to fully develop all honey constituents as seen by dark bands on the baseline of
the plate prior to derivatisation, and after derivatisation with NP-PEG and VSA reagents
(Figures 2 and 5), as well as after derivatisation with DPPH reagent (Figure 9). It is a
recommendation that another solvent system with higher polarity is also used in the future
in order to identify those more polar compounds that were not fully captured by the solvent
systems used in the current study.

This research utilised pooled honey samples, as the composition of such a pooled
sample will be more representative of the typical chemical composition of the respective
honey compared to the analysis of a randomly chosen single sample. Specifically, eight
samples were pooled to represent the Red Bell honey used in this study, six samples
each were pooled for Coastal Peppermint and Jarrah honey, and 13 samples were used to
represent Marri honey.

An HPTLC-DPPH assay was previously employed in the qualitative and quantita-
tive analysis of the antioxidant fingerprints of honeys [32–34]. Islam et al. in 2020 and
2021 utilised the method for the quantification of antioxidant band activities for various
Australian honeys. However, the analysis was performed using dichloromethane as an
extraction solvent, the incubation time was set to only 1 h, and peak profiles were obtained
with white light [32,33]. In this study, however, a more polar extraction solvent was used
(dichloromethane: methanol 1:1 v/v) which led to the observation of more antioxidant
bands. The incubation time was also optimised as it was found that 1 h was not enough for
some phenolic compounds to fully react with the DPPH reagent (Figure S8, Supplementary
Materials). Longer incubation times of 2 h and 3 h were also tested and it was found that
2 h is the optimum time for the multiple types of polyphenols present in honey to react
with the reagent but not long enough for the DPPH reagent to autodegrade.

The findings of the HPTLC-DPPH assay for honeys are often expressed in a qualitative
manner by presenting active bands that showed a discoloration of the DPPH reagent [34].
In some instances, the antioxidant band activity was also quantified, expressed as mg
GAE/100 g of honey [32,33]. Quantification of individual bands is, however, challenging
given that some antioxidant bands are very low in absorbance and might thus be below the
limit of detection of this quantification method.

In this study, the colours of the unreacted DPPH reagent and the colours of the active
bands in the analysed samples, converted into hue values, were compared and from this,
their DPPH radical scavenging activity was calculated. The HPTLC software usually
provides colour information in the form of RGB values which can be converted into hue
values (based on the hue, saturation, and brightness (HSB) colour space) [30]. The use of
hues in expressing the colour of a particular band was found to be very helpful in the early
stage of identification of an unknown sample using the HPTLC-derived database where,
upon the use of a suitable derivatisation agent, a discrimination of one compound group
from another based on colour was possible [30]. It was found in this study that colour
captured in the form of hue values can also be used to express the results of the HPTLC-
DPPH assay (Tables 6–8). Various antioxidant compounds were tested, and the findings
demonstrated that hues varied according to the sample concentration that was applied.
However, linear regression did not reach 0.99 indicating that the current parameters used
in this study are only able to describe the antioxidant results in a semi-quantitative manner,
expressed here in inferences ranging from + to +++. More optimisation is required in order

93



Antioxidants 2023, 12, 189

to use the method for full quantification of the antioxidant activity of individual bands in
an unknown sample.

The DPPH antioxidant activities of the individual constituents that were identified
in each honey were also determined as a mixture at low concentration to mimic the
concentrations that were quantified in honey and also at higher concentration (Table 7)
to determine whether its activity is based on its concentration in the honey or inherent
antioxidant activity of the constituent. All identified compounds except eudesmic acid (7),
o-anisic acid (9), t-cinnamic acid (13), and lumichrome (15) showed activity towards the
DPPH reagent. The inactive compounds (Table 7) lack a hydroxyl group in the phenolic ring
that can react with the DPPH reagent [65,66] indicating that not all phenolic compounds
are antioxidant.

The reaction of compounds with DPPH is governed by the reagent’s steric accessibility
indicating that smaller molecules have greater access to the radical site as compared to
larger molecules [50]. This explains why flavonoids tend to react slower compared to
smaller molecules like simple phenolic acids. The reactivity of flavonoids with DPPH on
the other hand is dictated by the so-called Bors criteria (Figure 10).
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Figure 10. Bors Criteria to describe flavonoid activity (adapted from Platzer et al. [65]).

The first criterion is the presence of a catechol group on Ring B (Bors 1), which
increases the stability of the resulting antioxidant radical. The second is the presence of
a 2,3 double bond combined with a 4-oxo group on Ring C (Bors 2), which facilitates
electron delocalization. The third is the presence of OH groups at positions 3 and 5 in
combination with a 4-oxo group, which enables electron delocalization via hydrogen bonds
(Bors 3) [65,66]. Among the flavonoids identified in this study, taxifolin (3) possesses Bors
1 and 2 criteria, confirmed by very high radical scavenging activity even when analysed
at a lower concentration. Luteolin (1), epicatechin (4), and epigallocatechin gallate (5) all
possess the Bors 1 criterion, while hesperetin (2) does not possess any, which explains why it
has shown only a very weak radical scavenging activity. The trends seen in the antioxidant
activity of the different phenolic compounds investigated in this study were consistent with
the trends that were previously reported [65–67]. The HPTLC-DPPH assay has thus been
demonstrated to be a very powerful tool in the identification of antioxidant constituents.
However, DPPH or a similarly structured radical does not exist in a biological or food
system [50] and it is therefore suggested that a more biochemically relevant antioxidant
model should be used in future studies.
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This is the first report on the use of band colours as a basis of expressing antioxidant
activity in samples, which demonstrates that colour values derived from HPTLC analysis
can also be used to (semi-quantitatively) express antioxidant activity in addition to more
traditional quantification (using generated standard curves) that HPTLC can also perform.
While this presents a novel analytical angle to HPTLC-DPPH analysis, some limitations
need to be acknowledged. Given the very general nature of the DPPH assay and its common
use in natural product research as a screening tool for antioxidant activity, a qualitative (i.e.,
active or inactive) or semi-quantitative (i.e., activity ranges from + to +++) approach might
suffice in many instances. This can be achieved, as illustrated in this study, by expressing
antioxidant activity of individual honey bands as % RSA, which is a widely accepted way
of expressing antioxidant activity. However, should a fully quantitative result be the aim,
more optimisation is needed, specifically to determine the concentration range of each
match compound that yields linear regression equal to or greater than 0.99.

In recent years High Performance Thin Layer Chromatography (HPTLC) has emerged
as a very versatile tool for various aspects of honey analysis. It can, for example, be used
to identify and quantify various sugars in honey [68,69] and with this can also be used to
identify post-harvest sugar adulterations [70]. It is also applied to identify and quantify the
presence of hydroxymethyl furfural (HMF) in honey, which is a marker for excessive heat
treatment-associated degradation and thus reduced honey quality [71–73]. HPTLC in com-
bination with DPPH derivatisation has also been successfully used to visualise and quantify
(as gallic acid equivalents) antioxidant honey constituents [32,33]. Moreover, the HPTLC
analysis of organic honey extracts has been demonstrated to yield unique signatures that are
reflective of a honey’s floral origin and can thus be used for honey authentication [40,63,64].
This study contributes to the growing body of literature that demonstrates the versatility
of HPTLC in the analysis of honey. The identity of some phenolic constituents in the four
investigated Western Australian honeys was revealed using a HPTLC-based database along
with their quantification, also using HPTLC. Moreover, compounds that contribute to these
honeys’ antioxidant activity could be identified and semi-quantified using a modification
of the previously published HPTLC-DPPH analysis protocol.

5. Conclusions

This study investigated the antioxidant activity of four Western Australian honeys,
Calothamnus spp. (Red Bell), Agonis flexuosa (Coastal Peppermint), Corymbia calophylla
(Marri) and Eucalyptus marginata (Jarrah) honey. It was found that Red Bell honey has the
highest total phenolic content, followed by Jarrah, Coastal Peppermint, and Marri honey.
The same trends were observed for their respective FRAP and DPPH antioxidant activities.

t-Cinnamic acid, protocatechuic acid, gallic acid, epigallocatechin gallate, and kojic
acid were identified and quantified in Red Bell honey. For Coastal Peppermint honey,
the presence of syringic acid, m-coumaric acid, luteolin, epicatechin, lumichrome, and
kojic acid was determined and quantified. Eudesmic acid, epicatechin, epigallocatechin
gallate, luteolin, gallic acid, kojic acid, m-coumaric acid, and taxifolin were identified and
quantified in Marri honey, and hesperitin, o-anisic acid, taxifolin, kojic acid, m-coumaric
acid, lumichrome, epigallocatechin gallate, kojic acid, and 2,3,4-trihydroxy benzoic acid in
Jarrah honey.

HPTLC-DPPH bioautography was also carried out to determine which honey con-
stituents contribute to the respective honey’s antioxidant activity using a novel method
of analysis based on the changes of hues on reaction with the DPPH reagent. This change
in hue was used to determine the % RSA of each active band. The method was able to
identify the individual bands that contribute to the honeys’ overall antioxidant activity.
Based on the findings of this analysis, most identified compounds showed antioxidant
activity except for t-cinnamic acid, lumichrome, o-anisic acid, and eudesmic acid due to the
absence of hydroxyl groups in their benzene ring.
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As most analyses were carried out using HPTLC, the study was also able to demon-
strate the versatility of this instrumentation in the analysis of various aspects of honey
chemistry and bioactivity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox12010189/s1, Table S1: Table S1 summarises the identity,
botanical origin, and families of honeys collected as part of a study on Western Australia honeys;
Table S2: Honey Sample Collection and Floral Information, TPC, FRAP, and DPPH Antioxidant
Activity, Table S3: Summary of the data used to determine the identity of the unknown bands in
Calothamnus spp. (Red Bell) honey (Database 1A), Table S4: Summary of the data used to determine
the identity of the unknown bands in Calothamnus spp. (Red Bell) honey (Database 1B), Table S5:
Summary of the data used to determine the identity of the unknown bands in Calothamnus spp.
(Red Bell) honey (Database 2A), Table S6: Summary of the data used to determine the identity of
the unknown bands in Calothamnus spp. (Red Bell) honey (Database 2B), Table S7: Summary of the
data used to determine the identity of the unknown bands in Agonis flexuosa (Coastal Peppermint)
honey (Database 1A), Table S8: Summary of the data used to determine the identity of the unknown
bands in Agonis flexuosa (Coastal Peppermint) honey (Database 1B), Table S9: Summary of the data
used to determine the identity of the unknown bands in Agonis flexuosa (Coastal Peppermint) honey
(Database 2A), Table S10: Summary of the data used to determine the identity of the unknown bands
in Agonis flexuosa (Coastal Peppermint) honey (Database 2B), Table S11: Summary of the data used to
determine the identity of the unknown bands in Corymbia calophylla (Marri) honey (Database 1A),
Table S12: Summary of the data used to determine the identity of the unknown bands in Corymbia
calophylla (Marri) honey (Database 1B), Table S13: Summary of the data used to determine the identity
of the unknown bands in Corymbia calophylla (Marri) honey (Database 2A), Table S14: Summary of
the data used to determine the identity of the unknown bands in Corymbia calophylla (Marri) honey
(Database 2B), Table S15: Summary of the data used to determine the identity of the unknown
bands in Eucalyptus marginata (Jarrah) honey (Database 1A), Table S16: Summary of the data used to
determine the identity of the unknown bands in Eucalyptus marginata (Jarrah) honey (Database 1B),
Table S17: Summary of the data used to determine the identity of the unknown bands in Eucalyptus
marginata (Jarrah) honey (Database 2A), Table S18: Summary of the data used to determine the identity
of the unknown bands in Eucalyptus marginata (Jarrah) honey (Database 2B); Table S19: Parameters
used in optimising the quantification of phenolic compounds in honey, Figure S1. HPTLC fingerprint
patterns for various samples of Calothamnus spp. (Red bell, n = 8), Figure S2. HPTLC fingerprint
patterns for various samples of Agonis flexuosa (Coastal Peppermint, n = 5), Figure S3. HPTLC
fingerprint patterns for various samples of Corymbia calophylla (Marri, n = 13), Figure S4. HPTLC
fingerprint patterns for various samples of Eucalyptus marginata (Jarrah, n = 6), Figure S5A–C. Profile
comparison of Calothamnus spp. (Red bell) honey (green) and Calothamnus spp. (Red bell) honey
spiked with the identified compounds based on database 1A and 1B (blue) scanned at the λmax of
each specific compounds prior to derivatization, Figure S6A–E. Profile comparison of Agonis flexuosa
(Coastal Peppermint) Honey (green) and Agonis flexuosa (Coastal Peppermint) honey spiked with
the identified compounds based on database 1A and 1B (blue) scanned at the λmax of each specific
compounds prior to derivatization, Figure S7A–F. Profile comparison of Agonis flexuosa (Coastal
Peppermint) honey (green) and Agonis flexuosa (Coastal Peppermint) honey spiked with the identified
compounds based on database 2A and2B (blue) scanned at the λmax of each specific compounds
prior to derivatization, Figure S8A–E. Profile comparison of Corymbia calophylla (Marri) honey (green)
and Corymbia calophylla (Marri) spiked with the identified compounds based on database 1A and 1B
(blue) scanned at the λmax of each specific compounds prior to derivatization, Figure S9A–G. Profile
comparison of Corymbia calophylla (Marri) honey (green) and Corymbia calophylla (Marri) spiked with
the identified compounds based on database 2A and 2B (blue) scanned at the λmax of each specific
compounds prior to derivatization, Figure S10A–D. Profile comparison of Eucalyptus marginata (Jarrah)
honey (green) and Eucalyptus marginata (Jarrah) spiked with the identified compounds based on
database 1A and 1B (blue) scanned at the λmax of each specific compounds prior to derivatization,
Figure S11A–G. Profile comparison of Eucalyptus marginata (Jarrah) honey (green) and Eucalyptus
marginata (Jarrah) spiked with the identified compounds based on database 2A and 2B (blue) scanned
at the λmax of each specific compounds prior to derivatization, Figure S12A,B. Comparison of the
profiles of compounds identified in Corymbia calophylla (Marri) honey after derivatised with DPPH
reagent and obtained after 1 h with transmittance in white light (green) vs. scanned at 517 nm (A)
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and comparison of the profiles of compounds identified in Corymbia calophylla (Marri) honey after
being derivatised with DPPH reagent scanned at 517 nm and taken at 1 h (green), 2 h (blue), 3 h
(grey) (B) developed using mobile phase 1B, Figure S13A–D. HPTLC plate image (a) of Agonis flexuosa
(Coastal Peppermint) honey after derivatised with DPPH reagent and developed using mobile phase
A (A,B) and developed using mobile phase B (C,D) obtained with transmission in white light, and
comparison of the profiles of Agonis flexuosa (Coastal Peppermint) honey (green) and Agonis flexuosa
(Coastal Peppermint) honey spiked with the identified compounds (blue) after being derivatised
with DPPH reagent obtained at 517 nm (b-left) and comparison of the profiles of Agonis flexuosa
(Coastal Peppermint) honey obtained at 254 nm (green) and 366 nm (blue) prior to derivatisation
and the profile of Agonis flexuosa (Coastal Peppermint) honey spiked with the identified compounds
(grey) obtained at 277 nm prior to derivatisation (b right), Figure S14A–C. HPTLC plate image (a)
of Corymbia calophylla (Marri) honey after being derivatised with DPPH reagent and developed
using mobile phase A (A) and developed using mobile phase B (B,C) obtained with transmission in
white light, and comparison of the profiles of Corymbia calophylla (Marri) honey (green) and Corymbia
calophylla (Marri) honey spiked with the identified compounds (blue) after being derivatised with
DPPH reagent obtained at 517 nm (b-left) and comparison of the profiles of Corymbia calophylla (Marri)
honey obtained at 254 nm (green) and 366 nm (blue) prior to derivatisation and the profile of Corymbia
calophylla (Marri) honey spiked with the identified compounds (grey) obtained at 277 nm prior to
derivatisation (b right), Figure S15A–D. HPTLC plate image (a) of Eucalyptus marginata (Jarrah) honey
after being derivatised with DPPH reagent and developed using mobile phase A (A and B) and
developed using mobile phase B (C,D) obtained with transmission in white light, and comparison of
the profiles of Eucalyptus marginata (Jarrah) honey (green) and Eucalyptus marginata (Jarrah) honey
spiked with the identified compounds (blue) after being derivatised with DPPH reagent obtained
at 517 nm (b-left) and comparison of the profiles of Eucalyptus marginata (Jarrah) honey obtained
at 254 nm (green) and 366 nm (blue) prior to derivatisation and the profile of Eucalyptus marginata
(Jarrah) honey spiked with the identified compounds (grey) obtained at 277 nm prior to derivatisation
(b right).
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Abstract: In our previous research, we demonstrated that honey and its biomimetic natural deep
eutectic solvent (NaDES) modulate the antioxidant activity (AOA) of the raspberry extract (RE). In
this study, we evaluated the AOA behaviour of the mixture honey/NaDES–honeysuckle (Lonicera
caprifolium, LFL) extract and compared it with the mixture honey/NaDES–RE. These two extracts
have similar major flavonoids and hydroxycinnamic acid compounds but differ in their total content
and the presence of anthocyanins in RE. Therefore, it was of interest to see if the modulation of the
LFL polyphenols by honey/NaDES was similar to that of RE. We also evaluated the prebiotic activity
of these mixtures and individual components on Limosilactobacillus reuteri DSM 20016. Although
honey/NaDES modulated the AOA of both extracts, from synergism to antagonism, the modulation
was different between the two extracts for some AOA activities. Honey/NaDES mixtures enriched
with LFL and RE did not show significant differences in bacterial growth stimulation. However,
at a concentration of 45 mg/mL, the honey -LFL mixture exhibited a higher effect compared to
the honey–RE mixture. The antioxidant and prebiotic properties of mixtures between honey and
polyphenol-rich extracts are determined by multiple interactions in complex chemical systems.

Keywords: honey; biomimetic natural deep eutectic solvents; Lonicera caprifolium; lactic acid production;
Limosilactobacillus reuteri

1. Introduction

Honey, being a natural product, displays a diverse range of biological activities such as
antioxidant, antimicrobial, anti-inflammatory, cytoprotective, prebiotic, and postbiotic [1].
These diverse ranges of biological activities arise from the complex composition of honey,
which includes carbohydrates, amino acids, phenolic compounds, minerals, enzymes, and
electrolytes [2]. Furthermore, honey exhibits characteristics similar to those of a natural
deep eutectic solvent (NaDES) due to the intermolecular interactions between its monosac-
charides and disaccharides, as well as the hydrogen bonds formed between them [3–5].
Initially, NaDESs were introduced in green chemistry as a viable and eco-friendly alterna-
tive to conventional organic solvents. Their distinct properties, including bioavailability,
biodegradability, and cost-effectiveness, captured the attention and motivated researchers
to assess their potential applicability in the food sector for creating innovative functional
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food products. Moreover, their relatively more challenging removal after extraction has
contributed to their investigation as functional ingredients in the food industry [6–8]. Addi-
tionally, other characteristics such as water activity, pH, antimicrobial activity, and enzyme
interactions play an essential role in the storage and stabilization of food compounds when
utilizing NaDES in food applications [9,10]. Honey possesses notable prebiotic properties,
making it beneficial for the growth and activity of beneficial gut bacteria [11–13]. Prebiotics
are non-digestible substances that selectively promote the growth and activity of beneficial
microorganisms in the gastrointestinal tract. The prebiotic effects of honey are primarily
attributed to its carbohydrate composition, especially oligosaccharides [14].

The antioxidant activity of honey is attributed to its rich content of phenolic acids,
flavonoids, and other phenolic compounds. The antioxidant activity of honey helps protect
cells from oxidative damage by neutralizing harmful free radicals [15–17]. On the other
hand, the prebiotic activity of honey refers to its ability to selectively promote the growth
and activity of beneficial gut bacteria. There appears to be an interplay between the
antioxidant and prebiotic activities of honey. The presence of healthy gut microbiota is
essential for the effective absorption and utilization of dietary antioxidants. Beneficial
gut bacteria can metabolize certain components of honey, releasing bioactive compounds
that contribute to its antioxidant potential. In turn, the antioxidants present in honey can
help protect the gut microbiota from oxidative stress, maintaining a balanced microbial
community [14,18]. In this case, a good solution would be to improve the biological and
especially antioxidant properties of honey.

Plants are a rich source of bioactive compounds, including polyphenols which have
various properties (antioxidant, antimicrobial, prebiotic, and others) with different applica-
tions in human health and industry [19]. Honeysuckle (Lonicera caprifolium) is a perennial
flowering plant native to Europe and belongs to the family Caprifoliaceae. The honeysuckle
flowers have a history of use in traditional herbal medicine due to their antibacterial, an-
tioxidant, and antiviral activities [20]. While several species of the Lonicera genus, such as
L. japonica (Japanese honeysuckle) and others, have been extensively studied and utilized
in traditional medicine and cosmetics, the chemical composition of European honeysuckle
(L. caprifolium) has received less research attention.

In our recent research [5], we formulated a NaDES that mimics the composition of
honey by incorporating essential sugars found in honey (glucose, fructose, and sucrose).
The NaDES derived from this formulation was analyzed, comparing its structural and
physicochemical properties with honey. Our findings revealed that the honey-biomimetic
NaDES closely resembled honey in terms of its characteristic features. Within the same
study, we improved the antioxidant potential of honey and its biomimetic DES by in-
corporating dried raspberry extract and standard polyphenols found in the raspberry
extract (caffeic acid and epicatechin) and evaluated the interaction in terms of antioxi-
dant activity between them (between honey/NaDES and polyphenols). The main scope
of analysing honey in comparison to NaDES was to understand better the behaviour
of honey-polyphenols mixtures and test if the polysaccharides composition and interac-
tions were sufficient to explain this behavior. A better understanding of honey properties
could also help to design an edible or biocompatible biomimetic product based on its
NaDES characteristics.

In this study, we aimed to explore the antioxidant activity of formulations between
honey/biomimetic NaDES and polyphenols extracted from honeysuckle flowers. Building
on previous research, we investigated how incorporating dried extract of honeysuckle flow-
ers could enhance the antioxidant activity (AOA) of honey and its biomimetic NaDES. Our
focus was on evaluating the AOA of this new mixture and understanding the interactions
between its components.

Furthermore, we compared the AOA behaviour of these honey/NaDES mixtures
with those enriched with raspberry extract to determine their relative efficacy. Alongside
this, we conducted an assessment of the prebiotic activity of these mixtures and their
individual components using the strain Limosilactobacillus reuteri DSM 20016. To evaluate
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prebiotic activity, we measured growth activity and determined L-lactic acid production as
metabolites during fermentation.

2. Materials and Methods
2.1. Materials

Fresh honeysuckle flowers (Lonicera caprifolium, family Caprifoliaceae) were harvested in
Bucharest area, identified based on their morphological characteristics, and a herbarium
voucher with the number [USAMV B 4093] was deposited in the herbarium of USAMV
Bucharest. These flowers and multifloral honey (RomHoney Group, Iasi, Romania) were
used in this work. The multifloral honey was prepared by mixing 1/3 rapeseed honey
with 1/3 sunflower honey and 1/3 meadow honey. The honeysuckle flowers were dried
at room temperature and were ground to a fine powder using an electrical grinder. The
following chemicals were used: ethanol 96% (Reactivul Bucures, ti Srl, Bucharest, Romania),
D(+)-Glucose anhydrous extra pure, D(−)-Fructose, extra pure, D(+) Saccharose, reagent
grade (Scharlau, Barcelona, Spain) Trolox 97% (Acros Organics, Thermo Fisher Scientific,
Pittburghs, PA, USA), 2,2-Diphenyl-1-picrylhydrazyl (Sigma-Aldrich, Merck Group, Darm-
stad, Germany), 2,20-Azino-bis(3-ethylbenzothiazo-line-6-sulfonic acid) diammonium salt,
98%, 2,4,6-tri (2-pyridyl-1,3,5-triazine) 98% (Alfa Aesar, Kandel, Germany), Folin Cio-
calteu’s phenol reagent, Iron chloride (III) (Merck, Darmstadt, Germany), hydrochloric
acid, acetic acid (Chimopar Srl, Bucharest, Romania), sodium acetate, MRS broth and aga
(Scharlau, Barcelona, Spain), HPLC standards: ferulic acid, p-coumaric acid, caffeic acid,
quercetin dihydrate (Sigma-Aldrich, Merck Group, Darmstad, Germany), syringic acid,
luteolin, (+)-rutin trihydrate, (Alfa Aesar, Haverhill, MA, USA), chlorogenic acid, myricetin
(Cayman Chemical, Ann Arbor, MI, USA), apigenin, (−) epicatechin (Roth, Karlsruhe,
Germany), and kaempferol (Cayman Chemical, Ann Arbor, MI, USA). K-DLATE kit for
D-/L-Lactic Acid (D-/L-Lactate) (Rapid) Assay Kit (Megazyme, Wicklow, Ireland).

2.2. Hydroalcoholic Extraction of Polyphenols from Honeysuckle Flower

The polyphenols extraction from honeysuckle flowers (L. caprifolium) was performed
according to the method described by [21]. The polyphenol compounds were extracted
using an ultrasound-assisted method in 61% (v/v) ethanol, in the ratio 1:20 (plant mate-
rial/solvent) and 30 min of reaction in an ultrasound bath. The supernatant was removed
after centrifugation at 7350 rcf for 30 min, and extraction was repeated in the same condition
described below.

2.3. Analysis of Polyphenolic Content of Honeysuckle Extract
2.3.1. Total Polyphenol Content

The total polyphenol content (TPC) of the honeysuckle flower extract was measured
spectrophotometrically by the Folin–Ciocalteau assay according to [22]. The method
involved mixing 0.01 mL of honeysuckle extract or standard solutions of gallic acid with
0.09 mL double-distilled water (ddH2O) and 0.010 mL of Folin–Ciocalteu reagent. After
5 min of reaction, 0.1 mL of 7% Na2CO3 and 0.04 mL ddH2O were added to the mixture
and incubated at room temperature for 60 min. The absorbance of solutions was measured
at 765 nm using a plate reader (CLARIOstar, BMG LABTECH, Ortenberg, Germany). The
calibration curve was performed using different concentrations of gallic acid in 70% (v/v)
of ethanol. The range of gallic acid concentrations used was between 5 and 30 µg/mL. The
results of TPC were calculated and reported as mg gallic acid equivalent/100 g dry weight
of the sample (mg GAE/100 g DW).

2.3.2. Total Hydroxycinnamic Acid Content

The total hydroxycinnamic acid content (HAT) of honeysuckle flower extract was
quantified spectrophotometrically according to the method adapted from the European
Pharmacopoeia [23]. The method involved mixing 0.025 mL of honeysuckle extract or
standard solutions of chlorogenic acid with 0.05 mL of 0.5 M HCl and with 0.05 mL of a
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solution composed of 1% (w/v) NaNO2 and 1% (w/v) Na2MoO4, followed by 0.05 mL of
8.5% NaOH and 0.07 mL ddH2O. The absorbance of solutions was measured at 524 nm.
The calibration curve was performed using different concentrations (0–50 µg/mL) of
chlorogenic acid in 70% (v/v) of ethanol. The HAT of the honeysuckle flower was expressed
as mg chlorogenic acid equivalent/100 g DW of the sample (ChaE mg/100 g DW).

2.3.3. Total Flavonoid Content

Determination of the total flavonoid content (TFC) of the honeysuckle flower extract
extracts was performed using the aluminium chloride/sodium acetate method according
to [24] with some modifications. The method involved mixing 0.1 mL of honeysuckle
extract or standard solution of quercetin with 0.1 mL of 10% CH3COONa and 0.12 mL of
2.5% AlCl3 as well as 0.68 mL of ddH2O were added to the mixture. The absorbance of
the mixture was measured at 430 nm after 45 min. The results of TFC were calculated as
quercetin equivalent mg/100 g DW of the sample (QE mg/100 g DW).

2.3.4. Total Anthocyanin Content

The total anthocyanin content (TAC) was determined using the pH differential method [25].
In brief, the absorbance of 2.5 × diluted sample in 25 mM potassium chloride buffer at
pH 1 and 0.4 M sodium acetate buffer at pH 4.5 was measured after 30 min of incuba-
tion at room temperature, at 520 nm and 700 nm using a UV-VIS-NIR spectrophotome-
ter (Ocean Optics, Orlando, FL, USA). The TAC was calculated by the following equa-
tion: TAC = (∆As × MW × DF × V × 1000)/(ε× L × m), where ∆As—difference of the ab-
sorbance of the sample at pH 1 and pH 4.5, DF is the dilution factor, L—optical pathlength
(1 cm), V—the volume of the extracts (L), ε—molar absorptivity coefficient and MW—the
molecular weight of cyanidin 3-glucoside (ε = 26,900 M −1 cm−1 and MW = 449.2 g/mol),
∆As = (A520 − A700)pH1.0 − (A520 − A700)pH4.5. The result was expressed as milligrams of
cyanidin 3-glucoside equivalent per 100 g of dry weight (DW) of the sample (mg cya, 3-
Gluequivalent/100 g DW).

2.3.5. HPLC Analysis

The high-pressure liquid chromatography (HPLC) analysis of polyphenolic com-
pounds from honeysuckle flower extract was carried out on Dionex Ultimate 3000 system
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with VWD-3100 detector. Data
processing and analysis were performed by Chromelleon 7.0 software (Thermo Fisher
Scientific, Waltham).

HPLC Analysis of Phenolic Acids. The phenolic acids content and composition of
honeysuckle flower extract were determined by HPLC analysis according to a method
described by [25] with some modifications. Chromatographic separation was performed on
a Luna Omega 5 µm Polar C18 100 Å column (250 mm × 4.6 mm) (Phenomenex, Torrance,
CA, USA). The mobile phase consisted of an aqueous solution with 0.1% formic acid (solvent
A) and methanol (solvent B). The total runtime of the method was 40 min with the following
gradient elution program: 0–25 min. 5% B/95% A, 25–33 min. 30% B/70% A, 34–40 min.
5% B/95% A. The analysis was conducted at a constant flow rate of 1.25 mL × min−1, and
the injection volume was set to 10 µL. The phenolic acids were detected at λ = 280 nm.

The identification of the phenolic acids involved comparing them with standards for
each identified compound based on the retention time of standards. Quantification was
accomplished by creating calibration curves for each determined compound using the
standards. These calibration curves exhibited excellent linearity (R2 = 0.9996) when plotting
peak area against concentration and were in the range of 18.125–1000 µg/mL.

HPLC Analysis of Flavonoids. The composition and quantification of flavonoids from
the extract of honeysuckle flower were determined by HPLC analysis according to the
method described by [26]. The separation of flavonoids was performed on an Omega
5 µm Polar C18 100 Å column (250 mm × 4.6 mm) (Phenomenex, Torrance). The method
involved using a gradient elution of two solvents: Methanol (solvent A) and 0.5% H3PO4
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(solvent B). The gradient elution program was set as follows: 0–10 min 15% A/85% B,
15–25 min 85% A/15% B, 25–30 min. 60% A/40% B. The flow rate of the mobile phase was
1.5 mL/min, and the column temperature was 25 ◦C to detect flavonoids at 280 nm.

Flavonoids were detected and measured by correlating their retention time and spec-
tral properties with established standards through the utilization of a calibration curve.

2.4. Preparation of a Mixture of Honey/GFSw with Honeysuckle Extract

The biomimetic NaDES, abbreviated from this point onwards GFSw (glucose/fructose/
sucrose/water—the components of NaDES), was prepared by the method described in
our previous work [5]. Honey/GFSw mixtures enriched with dried L. caprifolium extract
were prepared in the same way as the mixtures with a raspberry extract from our previous
study [5]. The honeysuckle flower extract was divided into three equal fractions, and
each fraction was then concentrated to dryness (E_CD) at 40 ◦C using a semi-automated
evaporation system called MultiVap54 (Lab tech, Sorisole, Italy). Two of the fractions
E_CD were resuspended in honey (H) and, respectively, in its biomimetic NaDES named
GFSw from this point onwards, at a ratio of 1:20 (w/w), resulting in the honey-honeysuckle
mixture sample (H_LFL) and GFSw_LFL. The last fraction of E_CD was resuspended in 70%
ethanol solution at the same ratio as in honey/GFSw (1:20 w/v), resulting in the LFL sample.
The E_CD was dissolved in honey/GFSw, subjecting it to an ultrasonic bath, ensuring
thorough mixing, and allowing the polyphenols to diffuse into the honey/GFSw overnight.

2.5. Antioxidant Activity

For the assessment of antioxidant activity (AOA), the H/GFSw and H_LFL/GFSw_LFL
samples were dissolved in 70% (v/v) ethanol at a concentration of 0.2 g/mL (w/v). Four
spectrophotometric methods, namely radical scavenging activity (ABTS and DPPH) and
reducing antioxidant power (CUPRAC and FRAP), were employed to measure the AOA of
the samples.

The AOA analysis was conducted at various concentrations of the samples, and
calibration curves of the samples were generated for each method. The concentration
values of LFL were individually tested and matched with the concentrations of LFL present
in mixtures containing honey/GFSw. The final concentrations used in the final testing
encompassed a range of 2 to 200 mg/mL for honey or GFSw and their mixtures and 0.1 to
10 mg/mL for LFL.

2.5.1. Radical Scavenging Activity by the DPPH Assay

The radical scavenging activity of the samples was tested by the DPPH method as
described by [27] with slight modifications. To 100 µL of the sample, 100 µL of 0.3 mM
DPPH solution dissolved in 99.6% (v/v) ethanol. The samples were incubated in the dark
at room temperature for 30 min. The absorbance of the reaction mixture was measured at
517 nm using a UV-Vis plate reader (CLARIOstar, BMG LABTECH, Ortenberg, Germany).

2.5.2. Radical Scavenging Activity by the ABTS Assay

The ABTS cation scavenging activity of the samples was evaluated using the method
adopted by [28]. ABTS radical cation solution was produced by mixing 7 mM ABTS in
H2Od.d. and 2.45 mM potassium persulfate solution. This solution was left for 12–16 h
before being used in the dark at room temperature. Before use, the ABTS+ solution was
diluted with 96% ethanol to obtain an absorbance of 0.700 ± 0.04 at 734 nm. An aliquot of
0.02 mL of the sample was added to 0.180 mL of diluted ABTS+ solution, and the absorbance
was read at 734 nm after 30 min of incubation in the dark at room temperature.

2.5.3. Ferric-Ion Reducing Antioxidant Power (FRAP) Assay

The FRAP assay was performed according to the procedure described by [29] with
slight modifications. The FRAP reagent was composed of 0.3 M acetate buffer at pH 3.6,
0.01 M TPTZ (solubilized in 0.04 mM HCl), and 0.02 M FeCl3 solution in the ratio 10:1:1,
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which was warmed at 37 ◦C before to use. The method involved mixing 15 µL of sam-
ple/standard solution of Trolox with 285 µL freshly prepared FRAP reagent. The reaction
mixtures were incubated at 37 ◦C in the dark for 30 min, and the absorbance was mea-
sured at 593 nm. The calibration curve was developed using different concentrations
(50–450 µg/mL) of Trolox in 70% (v/v) of ethanol.

2.5.4. Cupric-Ion Reducing Antioxidant Capacity (CUPRAC) Assay

The CUPRAC method was performed according to the adopted procedure described
by [30]. An aliquot of 10 µL of the samples/standard solutions of Trolox was mixed with
30 µL CuSO4 (5 mM), 30 µL neocuproine (3.75 mM), and 280 µL distilled H2Od.d. The
absorbance was measured at 450 nm after 30 min of incubation at room temperature in
the dark. The calibration curve was made from a stock solution of 10 mM Trolox in 70%
ethanol, with a concentration interval of 0.25–2 mM Trolox.

2.6. Evaluation of Interaction between Honey/GFSw and Honeysuckle Extract in Terms of AOA

In order to evaluate the interaction between honey/GFSw and honeysuckle extract
(H_GFSw_LFL) in terms of AOA and also to compare it to the AOA behaviour of H/GFSw_RE,
we first used the procedure described in our previous research [5]. This procedure involved
the determination of the combination index, isobolograms, the dose–response curve of each
compound, and the evaluation of theoretical and experimental AOA of the samples. The
combination index (CI) of mixture H_LFL/GFSw_LFL was calculated based on the ratio of
the concentration of each compound when combined in the mixture(Cc1,c and Cc2,c) to the
concentration when used separately (Cc1,s and Cc2,s) to achieve the same effect as observed in
the mixture [31]:

CI =
Cc1, c

Cc1,s
+

Cc2,c

Cc2, s

where Cc1 means the concentration of H/GFSW, and Cc2—is the concentration of extract of
honeysuckle (LFL). Isobolomic analysis was the graphical representation of the same data.

The CI and isobolomic analysis of the samples in the case of FRAP and CUPRAC
methods was expressed as the effective concentration of the samples at 1 mM Trolox (EC
1 mM Trolox, mg/mL).

In the case of ABTS and DPPH methods of AOA, for evaluation of the CI and isobolo-
grams of the samples, the values of IC50 and IC20 (50% and 20% inhibitory concentration of
the substrate) were used. The IC50 and IC20 values were calculated based on the median-
effect equation, transforming the non-linear equation for the dose–response curve into a
linear one:

log
fi
fu

= m × log(conc.) + n

fi and fu are inhibited and uninhibited fractions of the reaction, m—the slope and
n—respectively intercept of the curve.

fu—is inhibited fraction of the substrate by antioxidant sample and was calculated as
follows:

fi =
( A0 − Ablank_0)− (As − Ablank_s)(

A0 − Ablank0

) × 100%

where A0 is the absorbance of the substrate (DPPH or ABTS reagent), Ablank_0—absorbance
of the blank of the substrate (solvent), As—absorbance of the sample, Ablank_s—absorbance
of the blank of the sample (sample without substrate).

fu—is the uninhibited fraction of the reaction and was calculated as fu = 100 − fi.
Another way to evaluate the interactions between polyphenols and honey/GFSw was

by plotting concentration–dependent curves of the theoretical and experimental antioxidant
activities. In the case of FRAP and CUPRAC methods, the theoretical AOA was calculated
by addition (absorbance of H/GFSw + absorbance of LFL). In the case of ABTS and DPPH
methods, which were non-linear dose–response curves, the theoretical AOA of the samples
was calculated by the Webb equation: 100 − ((100 − fi,C1) × (100 − fi,C2)), where fi,C1 and
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fi,C2 are the inhibited fraction of compound 1 (C1) and compound 2 (C2), respectively, when
analysed separately.

For comparison of LFL and RE within the experimental concentration range, we
generated dose–response curves, Dose–Response Matrix, and 2D representation of Synergy
Score for DPPH and ABTS using the SynergyFinder R package [32]. We conducted an
analysis of the interactions between the components within H_ LFL, GFSw_LFL mixtures
from this study, and H_RE and GFSw_RE from our previous study [5]. We generated
Dose–response curves for LFL and RE in the absence and presence of honey/GFSw, as
well as for honey and GFSw. The common concentration interval and concentration values
between LFL and RE were chosen. The objective of this analysis was to compare the degree
of inhibition of DPPH and ABTS radicals, both the experimental and those simulated by
SynergyFinder. However, the FRAP and CUPRAC methods could not be analysed through
the SynergyFinder R package as these methods do not result in an inhibition percent.

2.7. Prebiotic Activity

The prebiotic activity of the mixtures of honey/GFSw enriched with dried plant
extract (raspberry and honeysuckle flowers) was assessed by the evaluation of the growth-
promoting activity of the samples on the strain of Limosilactobacillus reuteri DSM 20016
and determination of L-lactic acid content as a metabolite produced during of sample
fermentation. The results were compared to simple honey/GFSw, plant extract at the
same concentration as in the mixture, and the control (C+) of strain. The statistics were
conducted between extract (RE, LFL) and C+, and between honey/GFSw mixtures and
simple honey/GFSw.

2.7.1. Probiotic Growth-Promoting

The evaluation of the growth-promoting of the samples was performed according
to the method described by [33,34] with some modifications. The probiotic strain of
L. reuteri DSM 20016 was obtained from Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Cultures GmbH (DSMZ, Braunschweig, Germany). The strain
was stored in a cryotube with 25% (v/v) glycerol solution at −90 ◦C. Before experiments,
the probiotic was activated by being inoculated in MRS broth for 48 h at 30 ◦C in Oxoid™
AnaeroJar™ 2.5 L (Thermo Scientific™) and after was subcultured on MRS agar plate under
the same conditions for preparing the probiotic inoculum (0.5 McFarland) in sterile saline
solution (0.8% NaCl).

The stock solution of the samples (50 mg/mL for H/GFSw and their mixtures and
2.25 mg/mL for LFL and RE) was prepared by solubilisation in MRS broth and sterile
filtration through sterile 0.22 µm PES filters. The test itself was carried out in Eppendorf
tubes by making dilutions in MRS to obtain 5 test concentrations between 1–45 mg/mL
(for H/GFSw and their mixtures) and 0.05–2.25 mg/mL for plant extract (LFL and RE).
The concentration of the samples was calculated for the final volume in the test tube after
adding 10% of probiotic inoculum. The control sample (C+, which means the control of the
strain L. reuteri without any supplements) was prepared in the same way as the samples by
adding 10% of probiotic inoculum in the medium MRS broth. The samples were incubated
for 48 h at 30 ◦C in Oxoid™ AnaeroJar™, and the absorbance of the samples was measured
at 600 nm in 96-well plates using a plate reader after carefully and thoroughly mixing the
Eppendorf tube. The samples were stored in the freezer at −20 ◦C for further analysis of
lactic acid content.

The growth-promoting effect of the samples was calculated as follows: (As − Ablank_s)/
Ac − Ablank_c) × 100, where As—absorbance of the sample after incubation time, Ac—
absorbance of control samples of the strain, Ablank_s—absorbance of the blank of the sample
(before incubated time), Ablank_c—absorbance of the blank of the control of the strain before
incubated time. The results are expressed as percent bacterial growth.
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2.7.2. L-Lactic Acid Content

The L-lactic acid content produced during cultivation of L. reuteri in the presence of
the samples tested was determined enzymatically using the commercial kit–K-DLATE kit
for D-/L-Lactic Acid (D-/L-Lactate) (Rapid) Assay Kit (Megazyme, International Ireland
Ltd., Wicklow, Ireland). Before analysis, the samples were centrifugated at 1470 rcf for
10 min, and the supernatant of the samples was analysed according to the manufacturer’s
kit protocol.

2.8. Statistical Analysis

Statistical analysis for prebiotic activity was performed using IBM ®SPSS® Statistics,
version 26 (IBM SPSS Corp., Armonk, NY, USA). All assays were carried out in triplicate,
and the results are expressed as mean values ± standard deviation (SD). One-way analysis
of variance (ANOVA) was used to determine if significant differences exist between the
tested samples of honey and GFSw with or without plant extract (honeysuckle and rasp-
berry extract) and vice-versa. The homogeneity of variance was tested by Levene’s test.
To explore the significant difference between group means, Tukey’s honestly significant
difference (HSD) test was performed for homoscedastic groups and Games–Howell for
heteroscedastic groups.

For the isobolographic analysis of the AOA, we computed 95% confidence intervals.
These intervals were determined by subtracting and adding the value of 1.96 times the
standard deviation (SD) divided by the square root of the number of measurement replicates
(n) from the mean of results (mean ± 1.96 × SD/sqrt (n)). In this study, the number of
replicates was three (n = 3) for all cases.

3. Results
3.1. Screening of Polyphenolic Compounds from the Honeysuckle Flower

The polyphenolic profile of honeysuckle flowers was evaluated by several methods:
total polyphenols content (TPC), total flavonoids content (TFC), total hydroxycinnamic
acid content (HAT), total anthocyanin content (TAC), and HPLC assays and the results are
summarized in Tables 1 and 2.

Table 1. The results of TPC, TFC, HAT, and TAC of L. caprifolium.

Sample TPC
GAE mg/100 g DW

TFC
QE mg/100 g DW

HAT
ChaE mg/100 g DW

TAC,
mg cya, 3-Glu

Equivalent/100 g DW

L. caprifolium flower 651.79 ± 5.11 64.56 ± 2.12 587.38 ± 1.19 4.926 ± 0.011

GAE—gallic acid equivalent, QE—quercetin equivalent, ChaE—chlorogenic acid equivalent, 3-Gluequivalent—
cyaniding 3-glucoside, DW—dried weight.

Table 2. The polyphenol compound from honeysuckle flowers by HPLC analysis.

Polyphenols Lonicera caprifolium Flowers
mg/g DW

Phenolic acids
Caffeic acid 36.54 ± 0.04
Ferulic acid 1.72 ± 0.02

p-coumaric acid 0.46 ± 0.001
Chlorogenic acid 2.45 ± 0. 11

Flavonoids
Epicatechin 2.83 ± 0.02
Apigenin 1.47 ± 0.007

The phenolic acids and flavonoids found and identified in honeysuckle flowers by
HPLC analysis after ultrasound-assisted extraction were caffeic acid (RT–23.62 min), chloro-
genic acid (RT–22.50 min), ferulic acid (RT–30.68 min), p-coumaric acid (RT–33.91 min),
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epicatechin (RT–14.61 min) and apigenin (RT–17.20 min) The chromatograms illustrat-
ing the polyphenolic compounds found in honeysuckle flowers can be found in the
Supplementary Materials (Figures S1 and S2). Caffeic acid, 36.54 ± 0.04 mg/g DW, and
epicatechin, 2.83 ± 0.02 mg/g DW had the highest content among polyphenols.

3.2. Evaluation of the Interaction between Honey/GFSw and Extract of Honeysuckle Flowers in
Terms of AOA

The honey mixture with honeysuckle extract (H_LFL) showed much higher an-
tioxidant activity (AOA) compared to commercial honey at all concentrations tested
(2–200 mg/mL) as determined by all the methods of AOA (FRAP, CUPRAC, DPPH, ABTS)
evaluated. Figures S3–S6 in the Supplementary Material provides a detailed comparison of
the AOA values of the analysed samples, illustrated by the dose–response curves for the
AOA of the sample. We can see that the slope and intercept values of H_LFL were much
higher than the values for simple honey. Similar behaviour can be observed for the mixture
between GFSw and LFL (GFSw_LFL).

In an intention to evaluate the interactions between LFL and honey/GFSw and to
compare them with our previous data reported for the raspberry extract [5], the combination
index (CI) was calculated (Table 3) based on the calibration curves of the samples, and the
isobolograms were plotted—Figure 1 DPPH and ABTS) and Figure 2 (FRAP and CUPRAC).

Table 3. The combination index of honey (H_LFL) and its biomimetic DES (GFSw_LFL) mixtures
with honeysuckle extract.

AOA Method H_LFL GFSw_LFL

FRAP 0.86 ±0.038 0.85 ± 0.029
CUPRAC 1.287 ± 0.020 1.195 ± 0.075

DPPH IC50 1.157 ± 0.036 1.346 ± 0.19
DPPH IC20 1.158 ± 0.038 1.536 ± 0.071
ABTS IC50 1.026 ± 0.015 1.093 ± 0.039
ABTS IC20 1.028 ± 0.014 1.093 ± 0.02

H_LFL—mixture of honey with honeysuckle flowers extract, GFSw_LFL—mixture of the NaDES
GFSw—honeysuckle flowers extract. The terms IC50 and IC20 represent the analysis of concentration at 50% and
20% substrate inhibition, respectively.

In accordance with our previous study [5], we have categorized the CI values for ease
of comparison as follows: 0.5–0.7 indicates strong synergism, 0.7–0.9 denotes moderate
synergism, 0.9–1.1 implies nearly additive behaviour, 1.1–1.5 signifies moderate antagonism,
1.5–2 indicates moderate to strong antagonism, and CI > 2 represents strong antagonism.

The interaction between LFL and honey ranged from moderate synergism (CI = 0.86 ± 0.04
for FRAP) to nearly additive behaviour (CI = 1.03 ± 0.02 for ABTS IC50 and 1.03 ± 0.01 for
ABTS IC20) and moderate antagonism (CI = 1.16 ± 0.04 for DPPH IC50 and 1.16 ± 0.04 for
DPPH IC20, CI = 1.29 ± 0.020 for CUPRAC). GFSw with LFL exhibited similar behaviour in the
case of FRAP (CI = 0.85 ± 0.03), ABTS IC50 and ABTS IC20 (CI = 1.09 ± 0.04 and 1.09 ± 0.02,
respectively), and CUPRAC (CI = 1.35 ± 0.19). However, some differences in behaviour were
observed in terms of DPPH, the CI being higher than in the case of H_LFL. The DPPH CI values
of GFSw_LFL indicated a moderate antagonism feature (CI = 1.35 ± 0.19 for DPPH IC50) and
moderate to strong antagonism (CI = 1.54 ± 0.07 for DPPH IC20).

The behaviour of H_LFL is very similar to the behaviour of GFSw_LFL in terms of CI
and ranges from synergism, additive, and antagonism (0.85 ± 0.029 FRAP for GFSw_LFL
and 1.536 ± 0.071 DPPH IC20 for GFSw_LFL). The only synergic behaviour was obtained
in the case of FRAP.
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centration) and IC20 (inhibitory concentration at 20% substrate inhibition); dashed lines indicate the 
95% confidence intervals. 

Figure 2 illustrates the isobolograms of the correlation between honey (H)/GFSw and 
LFL regarding AOA using the FRAP and CUPRAC methods. It is evident from the figure 
that the mixture of honey and GFSw with LFL displayed comparable behaviour, which 
correlated with the CI data from Table 3. 

Figure 1. Isobolograms of honey (H) and its biomimetic NaDES (GFSw), and honeysuckle flowers
extract (LFL) in terms of AOA by DPPH (A,B), and ABTS (C,D); IC50 (half-maximal inhibitory
concentration) and IC20 (inhibitory concentration at 20% substrate inhibition); dashed lines indicate
the 95% confidence intervals.

The isobologram is a graphical representation of the interactions between two com-
pounds of a mixture and represents the effect of separate compounds when they are in
a mixture.

The x- and y-axes on the graph represent the concentrations of the compounds in
the mixture, specifically honey (H)/GFSw and honeysuckle extract (LFL). In Figure 1, the
black and green circles on the graph represent the effects of IC50 (half-maximal inhibitory
concentration) and, respectively, IC20 (20% inhibitory concentration) of H/GFSw and LFL
when each of the two components is used individually. Before analyzing the interactions
between the compounds graphically, an additive line is drawn between the two compounds
(between the black or green circles). The concentrations of the components in the mixture
that gave the same result (IC50, IC20) were plotted as stars. If the position of the mixture
lies above the additive line, it indicates antagonism. If it lies below the additive line, it
indicates synergism. If it lies on the additive line, it represents an additive effect.
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Figure 2. Isobolograms of honey (H) and its biomimetic NaDES (GFSw), and honeysuckle flowers 
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senting three measurements. Dashed lines indicate the 95% confidence intervals. 
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plotted. This provided an additional means of evaluating the extent and nature of these 
interactions.  

As previously stated, the theoretical AOA for the FRAP and CUPRAC methods was 
obtained by summing the absorbance values of H/GFSw and LFL. However, for the ABTS 
and DPPH methods, which exhibited nonlinear concentration–dependent curves, the the-
oretical AOA was calculated using the Webb equation, taking into account the inhibited 
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By examining the relative positioning of the concentration-dependence curves for the 
theoretical versus the experimental AOA of the analyzed samples, we can assess the mod-
ulation of polyphenols in honey and GFSw. If these curves overlap, it indicates an additive 
effect between the components. If the theoretical (calculated) curve lies below the experi-
mental curve, it suggests synergism, whereas if the theoretical curve is higher than the 
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Figure 2. Isobolograms of honey (H) and its biomimetic NaDES (GFSw), and honeysuckle flowers
extract (LFL) in the therm of AOA by FRAP (A,B) and CUPRAC (C,D) methods, CE- effective
concentration at 1 mM Trolox equivalent of the sample. Each value is accompanied by error bars
representing three measurements. Dashed lines indicate the 95% confidence intervals.

As can be observed in Figure 1, the mixtures of honey with LFL and GFSw with LFL
exhibited similar behaviour. Furthermore, no significant difference between the behaviour
of the mixture at IC50 and IC20 was observed, and the data corroborated with the CI results
from Table 3.

Figure 2 illustrates the isobolograms of the correlation between honey (H)/GFSw and
LFL regarding AOA using the FRAP and CUPRAC methods. It is evident from the figure
that the mixture of honey and GFSw with LFL displayed comparable behaviour, which
correlated with the CI data from Table 3.

To further assess the interactions between polyphenols and honey/GFSw, concentration–
dependent curves of both theoretical and experimental AOA (Figures 3 and 4) were plotted.
This provided an additional means of evaluating the extent and nature of these interactions.
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served for the DPPH and ABTS methods. 

 
Figure 4. Evaluation of the concentration dependence of experimental (H_LFL/GFSw_LFL) and the-
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For a more in-depth comparison between LFL and RE, we analysed the DPPH and 
ABTS data using SynergyFinder R package. The dose–response Curves from Figures S7 
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Figure 4. Evaluation of the concentration dependence of experimental (H_LFL/GFSw_LFL) and
theoretical (H+LFL/GFSw + LFL) AOA in the mixture of honey(H)/GFSw with the honeysuckle
extract (LFL).

As previously stated, the theoretical AOA for the FRAP and CUPRAC methods was
obtained by summing the absorbance values of H/GFSw and LFL. However, for the
ABTS and DPPH methods, which exhibited nonlinear concentration–dependent curves, the
theoretical AOA was calculated using the Webb equation, taking into account the inhibited
and uninhibited fractions.
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By examining the relative positioning of the concentration-dependence curves for
the theoretical versus the experimental AOA of the analyzed samples, we can assess the
modulation of polyphenols in honey and GFSw. If these curves overlap, it indicates an
additive effect between the components. If the theoretical (calculated) curve lies below the
experimental curve, it suggests synergism, whereas if the theoretical curve is higher than
the experimental curve, it indicates antagonism.

The observed trend indicates that the AOA exhibited a linear relationship with concen-
tration for the FRAP and CUPRAC methods, and a sigmoidal relationship was observed
for the DPPH and ABTS methods.

For a more in-depth comparison between LFL and RE, we analysed the DPPH and ABTS
data using SynergyFinder R package. The dose–response Curves from Figures S7 and S8
confirm that LFL has a higher AOA than RE. The curves of LFL start to saturate at the
maximum concentration tested, with a final inhibition of approx. 80%, but the curves of RE are
still on the ascendent trend, reaching approx. 50–60% inhibition at the same concentration. We
showed in our previous work [5] that the saturation takes place at RE mixture concentrations
higher than 100 mg/mL (5 mg/mL RE extract).

Based on the dose–response curves of the sample analysed (in the case of samples
with RE, the dose–response curves based on the data from our previous article [5] were
used), the values of IC50 (for DPPH and ABTS methods) and Trolox Equivalent Antioxidant
Capacity (TEAC coefficient) were calculated and are shown in Table 4 (from the AOA as a
function of extract concentration in the mixture) and Table 5 (from the AOA as a function
of total mixture concentration).

Table 4. Quantitative data of the antioxidant activity as a function of RE and LFL concentrations.

Methods RE RE in
H_RE Mixture

RE in
GFSw_RE

Mixture
LFL LFL in

H_LFL Mixture

LFL in
GFSw_LFL

Mixture

DPPH
IC50 (mg/mL) 3.89 ± 0.12 c 1.94 ± 0.13 b 3.79 ± 0.21 c 0.43 ± 0.011 a 0.50 ± 0.02 a 0.67 ± 0.15 a

ABTS
IC50 (mg/mL) 2.25 ± 0.11 b 4.68 ± 0.24 c 5.98 ± 0.95 d 0.32 ± 0.01 a 0.32 ± 0.01 a 0.35 ± 0.02 a

TEACFRAP 94.72 ± 1.45 a 121.81 ± 6.71 b 93.12 ± 3.11 a 263.81 ± 15.41 c 293.41 ± 0.80 d 296.58 ± 0.31 d

TEACCUPRAC 0.1 ± 0.004 a 0.1 ± 0.013 a 0.1 ± 0.009 a 0.24 ± 0.012 b 0.23 ± 0.039 b 0.22 ± 0.0006 b

Different letters show statistically different differences (±error bars, σ < 0.05, n = 3).

Table 5. Quantitative data of the antioxidant activity as a function of total mixture concentrations.

Methods H_RE GFSw_RE H_LFL GFSw_LFL

DPPH
IC50 (mg/mL) 40.76 ± 2.89 b 79.58 ± 4.45 c 10.59 ± 0.48 a 14.09 ± 1.18 a

ABTS
IC50 (mg/mL) 98.28 ± 2.96 b 125.49 ± 11.56 c 6.81 ± 0.16 a 7.34 ± 0.22 a

TEACFRAP 6.07 ± 0.34 b 4.63 ±0.16 a 14.59 ± 0.026 c 14.77 ± 0.025 c

TEACCUPRAC 0.0061 ± 0.0006 a 0.0049 ± 0.0004 a 0.0114 ± 0.0019 b 0.0112 ± 0.00012 b

Different letters show statistically different differences (±error bars, σ < 0.05, n = 3).

The IC50 value is a measure of the concentration of a substance needed to inhibit a
specific biological or biochemical activity by 50%. In the context of antioxidant activity,
a lower IC50 value indicates a stronger antioxidant capacity, as it implies that a lower
concentration of the sample is required to achieve the same inhibitory effect.

The results in Table 4 show that LFL had an almost 10× lower IC50 and higher TEAC
than RE, both applied alone or in a mixture. Honeysuckle flower extract demonstrated
consistently superior AOA performance compared to raspberry extract in all methodologies
examined. Honey improved the AOA only in the case of DPPH and FRAP of RE, which
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correlates with the synergism reported previously [5], and FRAP of LFL, which correlates
with the small synergism observed at higher concentrations for FRAP of H_LFL in Figure 4.
GFSw improved the AOA only in the case of FRAP of LFL, which correlated with the small
synergism in Figure 4. All the other mixtures showed similar or lower AOA compared
with the extract itself. In the case of RE, the AOA was higher in mixtures with honey than
with GFSw, except for CUPRAC, where the AOA is the same. In the case of LFL, honey
and GFSw behaved similarly.

A similar trend as in Table 4 is observed when the total mixture concentration is used
(Table 5).

The Dose–Response Matrix (DRM) and Loewe Synergy score (LSS) for DPPH gener-
ated by SynergyFinder are shown in Figures 5 and 6. The points that form the diagonal
represent the experimental points, and the rest of the combinations represent predicted
behaviour generated by the software. The following observations can be drawn from
DRM: all DRM have very similar patterns, except H_RE and H_CA, which present more
significant differences and look similar one to the other; the H_LFL and GFSw_LFL are
almost identical; the earlier saturation and higher AOA of H_LFL compared to H_RE is
also predicted for other combinations of concentrations.
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The LSS confirms the prevalence of synergism for RE and antagonism for LFL for
diagonal combinations and predicts the same difference in other combinations. The syner-
gism pattern of H_LFL and GFSw_LFL are again almost identical, while there are some
differences in the case of RE.

In the case of ABTS, a similar difference between LFL and RE is observed in DRM
(Figure 7). In this case, H_RE resembles not only H_CA but also H_EP, and GFSw induces
changes that give patterns similar to that of H_LFL and GFSw_LFL, which resemble very
much, just as in the case of DPPH.
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The LSS of ABTS confirms the predominant antagonist behavior for the experimental
points (diagonal) and predicts similar behavior at other concentrations (Figure 8).
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3.3. Prebiotic Activity

The prebiotic activity of the mixtures of honey (H)/GFSw enriched with dried plant
extracts (raspberry fruits and honeysuckle flowers) was evaluated by assessing their growth-
promoting effects on the Limosilactobacillus reuteri DSM 20,016 strain and measuring the
production of L-lactic acid as a metabolite during sample fermentation. In order to assess
whether the improved antioxidant activity of honey also improves the prebiotic activ-
ity, five concentrations ranging from 45–1 mg/mL of H/GFSw and their mixtures with
the two extracts (LFL and RE) were tested. The individual extracts were tested at con-
centrations of 2.25–0.05 mg/mL corresponding to their respective concentrations in the
mixtures—Figure 9.
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Figure 9. Probiotic growth-promoting (A,B) and L- lactic acid content (C,D) of honey (H), its
biomimetic DES (GFSw), honey enhanced with honeysuckle flowers extract (H_LFL), and with
raspberry extract (H_RE), GFSw enhanced with honeysuckle flowers extract (GFSw_LFL), and
with raspeberry extract (GFSw_RE), honeysuckle flowers extract (LFL) and raspeberry extract (RE),
C1—45 mg/mL; C2—25 mg/mL; C3—10 mg/mL, C4—5 mg/mL, C5—1 mg/mL for H, GFSw,
H_LFL/H_RE, GFSw_LFL/GFSw_RE and C1 − C5—2.25–0.05 mg/mL for LFL and RE, ± error bars,
α < 0.05, n = 3, *—σ between 0.05 and 0.01, **—σ between 0.01 and 0.001, ***—σ < 0.001; Black stars
indicate statistically significant values oh H_LFL/H_RE compared to H, Red stars indicate statisti-
cally significant values of GFS compared to GFSw_LFL/GFSw_RE, blue stars indicate statistically
significant values of LFL/RE compared to C+ (the strain of L. reuteri without any supplements);
(+)—prebiotic activity; (−) inhibition.

As observed in Figure 9, the majority of samples exhibited a positive impact on
bacterial growth compared to the control (C+, which is the control sample of the strain
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L. reuteri without any supplements), except GFSw at lower concentrations (1 mg/mL–
96.76 ± 1.93%) and the LFL extract at low concentrations (1 mg/mL–97.29 ± 0.94%, and
5 mg/mL–97.63 ± 1.77%). Moreover, the highest bacterial growth was observed for the
mixture of honey/GFSw with LFL compared to simple honey/GFSw, particularly at a
concentration of 25 mg/mL (statistically significant differences with a σ-value of 0.000).
The growth percentages were 145.38 ± 0.29% for H_LFL compared to 134.08 ± 3.10%
for simple honey, and 154.69 ± 0.13% for GFSw_LFL compared to 143.38 ± 2.36% for
GFSw. Furthermore, GFSw samples exhibited a slightly stronger influence on the growth
of the L. reuteri strain compared to honey at all tested concentrations, except for the lowest
concentration tested of 1 mg/mL, but all honey concentrations showed prebiotic activity.
GFSw at the lowest concentration tested of 1 mg/mL had a slight inhibitory effect. The
growth percentages from the highest to the lowest concentration tested were 160.02% to
96.76% for GFSw and 158.08% to 102.96% for honey.

At the highest concentration (45 mg/mL), the mixture of honey with raspberry extract
(RE) demonstrated a lower prebiotic activity in terms of bacterial growth (149.93 ± 0.12%)
when compared to simple honey (158.08 ± 2.19%). Conversely, slightly higher probi-
otic growth is observed for the mixture of honey/GFSw with RE compared to simple
honey/GFSw, at 25 mg/mL (137.29 ± 1.98 for H_RE in comparison with 134.08 ± 3.09% for
simple honey and 147.32 ± 3.53 compared to 143.38 ± 2.36% for GFSw), but the differences
are not statistically significant. Overall, RE does not induce a prebiotic effect neither in the
absence nor in the presence of honey/GFSw at the concentrations tested.

According to our data, honey mixtures with honeysuckle extracts exert a slightly more
positive effect on bacterial growth than those with raspberry extract, the results being in
the range of 164.63 ± 0.12–104.13 ± 0.26% for H_LFL and 149.93 ± 0.12–102.94 ± 1.43%
for H_RE. Similar data were observed in the case of the GFSw mixture, the value of
bacterial growth being in the range of 161.514 ± 0.17–100.55 ± 0.32% for GFSw_LFL and
157.47 ± 1.42–101.67 ± 0.82% for GFSw_RE.

Upon observation, it is evident that both the mixtures and individual samples of honey
and GFSw exhibit concentration–dependent effects on the probiotic growth, where the
observed effect diminishes as the concentration decreases.

Regarding L-lactic acid production, the effects are diverse due to the complex metabolic
interactions between polyphenols and the carbohydrate metabolism in heterofermentative
lactic bacteria (like the used L. reuteri DSM 20016) under anaerobic conditions (Figure 9C,D).
The individual extracts, LFL and RE, behaved relatively differently. The maximum pos-
itive effect of LFL compared to C+ was at the median LFL concentration of 10 mg/mL
(1.85 ± 0.00 g/L versus 0.86 ± 0.02 g/L L-lactic acid, respectively), followed by 25 mg/mL
LFL (1.22 ± 0.03 g/L L-lactic acid). Both values were statistically significant. At the lowest
LFL concentration tested, 1 mg/mL, there was a significant inhibition of L-lactic acid
production (0.19 ± 0.05 g/L) compared to C+. The other two LFL concentrations, 45 and
5 mg/mL, did not have a significant effect compared to C+ (Figure 9C).

Most of the RE concentrations tested had a positive effect on the L-lactic acid produc-
tion except the lowest RE concentration, 1 mg/mL, which had a slight but not statistically
significant inhibitory effect (0.72 ± 0.03 g/L L-lactic acid) compared to control C+. The only
statistically significant positive effect compared to C+ was at the highest RE concentration
of 45 mg/mL (1.47 ± 0.02 g/L L-lactic acid).

A statistically significant difference was observed in the L-lactic acid content between
H_LFL and simple honey at tested concentrations of 45 mg/mL, 10 mg/mL, and 1 mg/mL
(Figure 9C). The first two concentrations exhibited a positive trend, with higher L-lactic
acid content (2.96 ± 0.09 g/L at 45 mg/mL of H_LFL and 2.22 ± 0.04 g/L at 10 mg/mL of
H_LFL) compared to simple honey fermentation (1.60 ± 0.03 g/L L-lactic acid at 45 mg/mL
of H, and 1.52 ± 0.03 g/L L-lactic acid at 10 mg/mL of H). At the concentration of 1 mg/mL
H_LFL, the L-lactic acid content was lower (0.75 ± 0.03 g/L) than that observed during H
fermentation (2.36 ± 0.02 g/L).
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In the case of the mixture of honey with raspberry extract, higher L-lactic acid content
than in the case of simple honey was observed at the tested concentrations 10 and 5 mg/mL
(2.01 ± 0.08 g/L for H_RE and 1.52 ± 0.03 g/L for H at 10 mg/mL, 1.93 ± 0.05 g/L for
H_RE and 1.26 ± 0.01 g/L for H at 5 mg/mL).

According to our data, the highest positive effect of GFSw_LFL on the L-lactic acid
content produced by L. reuteri compared to simple GFSw was at 10 mg/mL (2.22 ± 0.12 g/L
L-lactic acid for GFSw_LFL compared to 1.93 ± 0.09 g/L L-lactic acid for GSFw). Other
statistically significant positive effects on the L-lactic acid content were obtained at 25
and 1 mg/mL GFSw_LFL compared to GFSw. At the highest GFSw_LFL concentration
tested, 45 mg/mL, there was an inhibition of L-lactic acid production (Figure 9C). The
highest effect of GFSw_RE in comparison to GFSw was at 25 mg/mL tested concentration
(2.24 ± 0.003 g/L for GFSw_RE and 1.18 ± 0.092 g/L for GFSw). The only GFSw_RE
concentration that inhibited the production of L-lactic acid was the highest concentration
of the mixture, 45 mg/mL (Figure 9D).

4. Discussion

Based on the Information found in previous studies [35–38], the concentration of
phenolic compounds is influenced by various factors such as plant species, cultivars, envi-
ronmental conditions, storage, extraction methods, and analysis techniques. Consequently,
the reported concentrations of phenolic compounds can differ significantly across different
scientific articles, and it is difficult to make direct comparisons. In our study, the value
of TPC from honeysuckle was in the range of some literature data [21,36,38]. The TPC
value was lower compared to the results reported by [38]–87.48 ± 6.32 mg GAE/g and by
other researchers [36], who extracted the polyphenols in water (40.18 mg GAE/g) and in
ethanol (5.25 mg GAE/g). The TPC values were higher compared to those obtained by
our research group (392.093–1741.05 µg GAE/g DW) in another study [21]. This is due
to repeated extraction from the same substrate. The value of TFC in our study was much
lower than those revealed by [38] –52.51 mg CAE/g, but they expressed the TFC results
as catechine equivalent (CAE) in comparison to our result (QE—quercetin equivalent).
We tested catechine at the same concentrations as quercetin and found it to have much
lower activity than quercetin; therefore, more catechin is needed to have the same AOA
as 1 quercetin equivalent, which could explain the difference. Moreover, [38] employed
a different methodology to determine the flavonoid content, involving the use of AlCl3,
NaNO2, and NaOH. Additionally, the extraction of phenolic compounds in their study was
conducted using a solution containing acetone, water, and acetic acid (70:29.5:0.5, v/v/v).

The results of TPC, TFC, and HAT (651.79 ± 5.11 GAE mg/100 g DW, 64.56 ± 2.12 QE
mg/100 g DW, 587.38 ± 1.19 ChaE mg/100 g DW) were substantially higher in comparison
to the raspberry extract (282 ± 10.72 GAE mg/100 g DW, 29.88 ± 1.05 QE mg/g DW, and
57.92 ± 2.92 Chae mg/100 g DW) from our previous results [5].

Chlorogenic acid and caffeic acid have also been identified in honeysuckle flowers by
other authors [35–37]. The content of chlorogenic acid was lower than the values obtained
by [35]–33.12 ± 0.25–48.84 ± 0. 04 µg/mg (depending on the growth stage of flowers), and
our value was higher compared to the results reported by [21]—1331 µg/g. The content
of caffeic acid in our case was lower than the results released by [35] 0.01–0.07 µg/mg for
L. japonica and [39], which obtained a value of 0.195 ± 0.002 g/100 g. As can be seen, the
values differ very much between studies.

As mentioned previously, the objective of this study was to build upon prior research
by exploring the impact of incorporating a different polyphenol extract into honey or
its biomimetic natural deep eutectic solvent (NaDES) and comparing it with the AOA
behaviour of mixtures enriched with the raspberry extract from our previous study [5].

There is a correlation between the antioxidant activity of the samples (honey and plant
extract) and the concentrations and profiles of the analyzed polyphenols, as determined by
colourimetric tests (TPC, TFC, HAT) and HPLC analysis. In the case of the samples enriched
with honeysuckle flower extract, the antioxidant activity (AOA) had to be analyzed at
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lower concentrations, ranging from 2 to 100 mg/mL, and the AOA of samples enriched
with raspberry extract was analyzed at concentrations ranging from 5 to 200 mg/mL.

Additionally, in some cases, the samples with L. caprifolium extract exceed the detection
limit of the method and instrument (absorbance at 200 mg/mL exceeds 3.5)–particularly
in the case of the FRAP method, for which additional optimization of the method will be
necessary in the future, such as the decrease of substrate concentration. Furthermore, at
elevated concentrations (200 mg/mL for H_LFL/GFSw_LFL or 10 mg/mL for LFL), the
dose–response curves for FRAP and CUPRAC methods deviated from linearity. Also, the
AOA of the sample with LFL shows inhibition at 200 mg/mL when measured using the
ABTS and DPPH methods (Figures S3 and S4 from Supplementary Material).

These issues can be attributed to the higher concentrations of active compounds
extracted from L. caprifolium flowers compared to raspberry, as also observed in the TPC,
HAT, TFC, and HPLC analyses.

As observed in Table 4, there are differences in terms of antioxidant activity of samples
enriched with raspberry extract and samples enriched with honeysuckle flower extract.
The samples with honeysuckle extract showed higher AOA than those with raspberry
extract. We can conclude that there is a relationship between the polyphenol content and
antioxidant activity, as the polyphenol content was higher in LFL than in RE by all the
methods tested.

As mentioned previously, the incorporation of dried honeysuckle flower extract (LFL)
into honey or its biomimetic NaDES, GFSw, increased the antioxidant activity of both
honey and GFSw. To evaluate the modulation behaviour of LFL by honey and GFSw, the
combination index (CI) was calculated.

The two extracts share some similar main compounds (caffeic acid–CA and epicatechin–
EP), but they are different in the total polyphenolic content. In our previous study, we
investigated the individual CA and EP as well [5]. It seems that the behaviour of the
honeysuckle extract is similar to the behaviour of these tested polyphenols in certain cases.
For example, in the case of the FRAP method, the AOA feature of LFL in honey was similar
to CA in honey (CI = 0.866 ± 0.021), both of them exhibiting moderate synergistic effects.
This similarity between LFL and CA is also observed for the CUPRAC and DPPH IC50
methods, the AOA behaviour of CA being moderate antagonism with CI value 1.43 ± 0.02
for CUPRAC and 1.17 ± 0.08 for DPPH IC50. In the case of epicatechin and its behaviour in
honey or GFSw, a similarity to LFL is observed in the case of DPPH IC20 (CI = 1.4 ± 0.11).
The similarities in terms of antioxidant activity between LFL and CA are likely attributed
to the higher content of CA in LFL (36.54 ± 0.04 mg/g DW)).

In comparison to raspberry extract, which exhibited varying behaviour depending
on the tested concentrations, the AOA behaviour of honeysuckle extract demonstrated
minimal variation. This can be observed in DPPH and ABTS assays at both 50% and 20%
inhibition substrate, where the combination index (CI) values were nearly identical.

The interactions between LFL and GFSw are similar to RE and GFSw interactions in the
case of the CUPRAC method, RE exerting moderate antagonistic behaviour (CI = 1.409 ± 0.023)
and ABTS IC20 with nearly additive feature (CI = 1.011 ± 0.079).

In accordance with our previous study [5], we codified the CI intervals as follows:
0.5–0.7, which indicates strong synergism as (+2), 0.7–0.9, which denotes moderate syner-
gism as (+1), 0.9–1.1 which implies nearly additive behaviour as (0), 1.1–1.5, which signifies
moderate antagonism as (−1), 1.5–2, which indicates moderate to strong antagonism as
(−2), and CI > 2, which represents strong antagonism as (−3).

Figure 10 reveals that the antioxidant behaviour (AOA) of polyphenols, including
the two plant extracts and the polyphenol standards, in honey and GFSw exhibited a
similar tendency, as indicated by a similar colour code. The strong antagonism values
(−3) are assigned to dark blue and strong synergism(+2) to light blue. Out of the total
24 cases analyzed, 14 cases, accounting for approximately 58%, demonstrated that honey
and GFSw (biomimetic NaDES) behaved similarly. From Figure 10, it is easy to see that
LFL induced a more homogeneous behaviour than RE. It is also suggested that, in fact, the
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AOA of the extracts is a result of the combined effects of different polyphenolic species, to
which inter-polyphenolic interactions probably contribute. The quantitative values of the
qualitative representation from Figure 10 can be found in Table S1.
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Honey and polyphenols are both well-known for their prebiotic properties [14,40,41],
which means they can support the growth and activity of beneficial bacteria in the gut. The
prebiotic properties of honey are attributed to the presence of oligosaccharides, short-chain
carbohydrates that are not fully digested in the upper gastrointestinal tract. Instead, they
reach the colon intact, where they can exert prebiotic effects. Despite honey being primarily
composed of simple sugars that are quickly absorbed in the small intestine, there are also di-
, tri-, and oligosaccharides present in smaller quantities. These low-weight polysaccharides
are likely to resist degradation by host enzymes, allowing them to reach the lower gut
and contribute to the prebiotic effects of honey [13,14,42]. There are numerous studies
on the prebiotic activity of honey [13,34,43–45]. In most cases, honey exerted positive
effects on probiotic growth, and the prebiotic activity of the analysed substrate is often
influenced by the concentration of substances they are exposed to. For example, in the study
reported by [34], they tested two concentrations (1% and 2%) of several types of honey
on five probiotic strains (Lactobacillus acidophilus, Lactiplantibacillus plantarum, Lactobacillus
gasseri, Lacticaseibacillus rhamnosus, and Lacticaseibacillus casei,), the highest prebiotic activity
expressed in terms of bacterial growth was observed at 2% honey in the case of L. plantarum
(6× greater than control) and L. acidophilus (4× higher than control). In another study [45],
different levels of active Manuka Factor (AMF:0.5, 10, 15, 20) were tested on the growth of
the strain Limosilactobacillus reuteri DPC16, and it was observed that the highest biomass of
probiotic substrate was obtained at AMF20 (4.77 mg/mL) after 36 h of incubation under
anaerobic conditions compared to control (2.23 mg/mL).

In the context of our study, where honey and mixtures of honey/GFSw enriched
with dried plant extracts were tested for prebiotic activity, it was observed that almost all
concentrations of these mixtures had a positive impact on the growth of the probiotic strain
Limosilactobacillus reuteri DSM 20016. Only the lowest concentration tested, 1 mg/mL did
not show prebiotic activity. The higher the concentration of honey or the mixtures, the
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greater the positive effect on the probiotic growth. The data show that the prebiotic effects
manifest after a certain concentration of compounds.

The prebiotic effect was mainly induced by honey, so probably by the saccharides
present in it. The extracts showed a moderate prebiotic effect, statistically significant only
in the case of LFL at the highest concentrations tested. As the higher the LFL extract, the
higher the prebiotic effect, higher extract concentrations should be tested until reaching a
plateau or an inhibition.

Based on our findings, the honey/GFSW mixtures enriched with honeysuckle or
raspberry did not show significant differences at most of the tested concentrations. The
most significant difference was at the tested concentration of 45 mg/mL; the honey mixture
with LFL exhibited a more pronounced effect (164.63 ± 0.01%) compared to the honey and
RE mixture (149.93 ± 0.12%) on the bacterial growth (p-value = 0.019, <0.05). H_LFL had
a prebiotic effect, and H_RE had an inhibitory effect compared to H. The higher content
of hydroxycinnamic acids and lower anthocyanin content that we determined in the LFL
extract compared to RE [5] could be involved in this effect, but more studies are needed to
understand the mechanism behind this difference.

Most concentrations of honey and GFSw had positive effects on the production of
L-lactic acid, as the lactic acid bacteria (LAB) metabolize sugars into lactic acid. The depen-
dence of H/GFSw concentration presented an apparent hormetic behaviour nevertheless.
In the case of the extracts, the maximum effect of LFL on the L-lactic acid content at lower
concentrations than RE is probably related to the higher polyphenols content of LFL com-
pared to RE. The mixtures presented a less-evident hormetic effect than H/GFSw, and there
are two differences worth mentioning: (1) the trend of H_LFL is opposite (increasing effect
with the concentration) to the trend of H_RE (decreasing effect with the concentration);
(2) both GFSw_LFL and GFSw_RE differ from the corresponding honey mixtures, the
first having the maximum effect at intermediate concentration tested (10 and 25 mg/mL,
respectively). This suggests that honey interacts differently with LFL and RE, probably due
to other compounds present in honey than saccharides.

Hydroxycinnamic acids are used as external electron acceptors by heterofermentative
lactic acid bacteria [46], therefore decreasing the production of lactic acid, that is, the
product of NAD(P)H reoxidation by using pyruvic acid as external electron acceptors [47].
However, other polyphenols exert different effects on lactic acid bacteria being metabolysed
by several different enzyme classes besides the reductases, e.g., esterase and decarboxylases
used for hydroxycinnamic acids [48]. The complex effects of polyphenols on lactic acid
production require more investigation.

5. Conclusions

Although honey/GFSw modulated the AOA of both extracts, from synergism to
antagonism, the modulation was different between the two extracts for some AOA activities,
which could be explained by the differences between compositions in polyphenols of the
two tested plant extracts. The effects are specific to complex chemical systems, wherein
the biological and biochemical activities are determined by multiple interactions. The
honeysuckle flower extract (LFL) has higher prebiotic activity than the raspberry extract.
The effect on lactic acid production follows a hormetic behavior.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/antiox12091678/s1, Figure S1. HPLC chromatogram of phenolic
acids from honeysuckle flower extract; Figure S2. HPLC chromatogram of flavonoids from hon-
eysuckle flower extract; Figure S3. Dose–response curves for the AOA using DPPH, ABTS, FRAP,
and CUPRAC methods of the samples of honey (H), biomimetic NaDES with honey (GFSw), honey
enriched with honeysuckle extract (H_LFL), GFSw enriched with honeysuckle extract (GFSw_LFL)
at the concentration 2–200 mg/mL–it can be observed that the AOA of the mixture of honey and
GFSw with honeysuckle extract decrease at concentrations greater than 100 mg/mL for DPPH, ABTS
methods, and a little bit in the case of CUPRAC, in the case of FRAP methods the AOA cannot
be measured at concentrations higher than 100 mg/mL (see main text); Figure S4. Dose–response
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curves for the AOA using DPPH, ABTS, FRAP, and CUPRAC methods of the samples of honey-
suckle extract (LFL) at the concentration of 0.1–10 mg/mL, in the case of FRAP and CUPRAC, the
curve was non-linear, and in the case of DPPH and ABTS the value decreases at the concentration
200 mg/mL; Figure S5. Dose–response curves for the AOA using DPPH, ABTS, FRAP, and CUPRAC
methods of the samples of honeysuckle extract (LFL) at the concentration of 0.1–5 mg/mL; Figure S6.
Dose–response curves for the AOA using DPPH, ABTS, FRAP, and CUPRAC methods of the samples
of honey (H), biomimetic NaDES with honey (GFSw), honey enriched with honeysuckle extract
(H_LFL), GFSw enriched with honeysuckle extract (GFSw_LFL) at the concentration 2–100 mg/mL
of the sample. These curves were used to calculate and evaluate the modulation of LFL. Figure S7.
Dose–response curves of the samples generated by SynergyPlot in terms of AOA measured by DPPH:
LFL—honeysuckle flower extract, RE—raspberry extract, CA—caffeic acid, EP—epicatechin, AOA—
antioxidant activity as a function of polyphenols concentration. Figure S8. Dose–response curves
of the samples generated by SynergyPlot in terms of AOA measured by ABTS: LFL—honeysuckle
flower extract, RE—raspberry extract, CA—caffeic acid, EP—epicatechin, AOA—antioxidant activity
as a function of polyphenols concentration. Table S1. The correlation of AOA behaviour in terms
of CI.
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Abstract: Honey is a highly valued natural product with antioxidant, antimicrobial and anti-
inflammatory properties. However, its antioxidant activity (AOA) is not as high as that of other
honeybee products, such as propolis. Several polyphenol—honey formulations have been proposed
up to now, most of them using maceration of biomass in honey or mixtures with liquid extracts,
which either limit polyphenols bioavailability or destroy the characteristics of honey. To improve
the health benefits of honey by increasing AOA and keeping its structural and sensory properties,
we propose its enrichment in a polyphenol extract of raspberry after solvent evaporation. A honey-
biomimetic natural deep eutectic solvent (NaDES) was prepared and compared with honey. The
main polyphenols found in the raspberry extract were tested in combination with honey and NaDES,
respectively. The AOA was determined by DPPH, ABTS, CUPRAC, and FRAP methods. The AOA
behaviour of honey—polyphenol mixtures varied from synergism to antagonism, being influenced
by the AOA method, polyphenol type, and/or mixture concentration. The honey-biomimetic NaDES
resulted in similar AOA behaviour as with honey mixed with polyphenols. Honey seems to have
additional properties that increase synergism or reduce antagonism in some cases. Honey and its
biomimetic NaDES modulate AOA of polyphenols extract.

Keywords: honey; natural deep eutectic solvent (NaDES); biomimetic NaDES; antioxidant activity;
polyphenols; synergism; antagonism; raspberry extract; polyphenol-enriched honey

1. Introduction

Honey is a natural product produced by honeybees with several biological prop-
erties resulting from its multifaceted activities, i.e., antioxidant, antimicrobial, and anti-
inflammatory activities. The chemical composition depends on diverse factors such as
sugary source, floral nectar or aphid honeydew, environmental conditions, and genetic fac-
tors; it consists of more than 80% sugar [1]. Honey is considered to have the characteristics
of a natural deep eutectic solvent (NaDES) due to the intermolecular interactions between
monosaccharides and disaccharides and hydrogen bonds formed between them [2]. Deep
eutectic solvents (DES) are a class of solvents produced by mixing a minimum of two com-
ponents that at ambient conditions remain together in a liquid state. The DES components
have a melting point above that of the eutectic point due to hydrogen bonds that are formed
between these components [3].
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Polyphenols are secondary metabolites of plants with various biological activities,
such as antioxidant, antimicrobial, prebiotic, enzyme inhibition activity, and others [4].
The AOA activity of honey is believed to be mainly the result of the presence of different
categories of polyphenols. Compared with other types of honeybee products, such as
propolis, honey has a lower AOA per gram of sample. Because honey remains one of the
most consumed honeybee products, it is desirable to improve its health benefits, including
its antioxidant capacity. One solution is to enrich honey in polyphenols from other sources.

Several previous studies have used different types of approaches, from maceration
with unprocessed biomass rich in polyphenols such as propolis, beebread, royal jelly, pollen,
plant leaves, and fruits, to mixtures with polyphenol extractions in different ratios [5–10]. In
general, the mixtures have been prepared with liquid hydroalcoholic extraction, which does
not preserve the characteristics and properties of honey during formulation. On the other
hand, macerations in honey could have the disadvantage of limiting the bioavailability
of compounds released from the biomass. Separating the unsolubilized residues from
polyphenol-rich biomass is difficult due to the high viscosity of honey and restriction on
honey heating, which increases the formation of 5-hydroxymethylfurfural (5-HMF) by
dehydration of glucose or fructose [11]. Another issue related to honey enrichment with
polyphenol-rich biomass (such as propolis) is deterioration of the sensory properties due to
the astringency and bitterness of the polyphenols [12].

Raspberry (Rubus idaeus) fruits are a good source of polyphenols (phenolic acids,
flavonoids, and anthocyanins) for human nutrition, with antioxidant properties and ex-
cellent sensory characteristics [13]. Raspberry leaves and fruits added to rape honey in
amounts of 0.5% and 1% and, respectively, 1% and 4%, were already demonstrated to
enhance the antioxidant properties of honey and to increase its antibacterial and antiviral
characteristics [10].

In this study, we enriched honey with dry extracts of raspberry as an example of
enriching honey in antioxidant polyphenols after evaporation of the solvent. In this way,
the water activity, as well as structural features of honey during formulation, can be
preserved and, therefore, its stability and properties. The resulting product is a honeybee
product fortified with polyphenols, which has superior sensory characteristics compared
with other possible combinations, such as honey and propolis, the latter having strong
astringency properties. We also investigated the modulation potential between honey
and polyphenols and exploited the contribution of the main sugars in a honey-mimicking
DES formulation, sugars that are believed to give the main characteristics of honey as a
natural DES.

2. Materials and Methods
2.1. Materials

Fresh raspberries (R. idaeus, cv. Remontant, from Domeniul Cerbi, Marginea, Suceava,
Romania) and multifloral honey (RomHoney Group, Ias, i, Romania) were used in this work.
The raspberries were dried by lyophilization and were ground to a fine powder using
an electrical grinder. The following chemicals were used: pharmaceutical ethanol 96%
(Chimopar Srl, Bucharest, Romania), D(+)-Glucose anhydrous extra pure, D(−)-Fructose,
extra pure, D(+) Saccharose, reagent grade (Scharlau, Barcelona, Spain) Trolox 97% (Acros
Organics, Thermo Fisher Scientific, Pittburghs, PA, USA), Gallic acid, 2,2-Diphenyl-1-
picrylhydrazyl (Sigma-Aldrich, Merck Group, Darmstad, Germany), 2,2′-Azino-bis (3-
ethylbenzothiazo-line-6-sulfonic acid) diammonium salt, 98%, 2,4,6-tri (2-pyridyl-1,3,5-
triazine) 98% (Alfa Aesar, Kandel, Germany), Folin Ciocalteu’s phenol reagent, Iron chlo-
ride (III) (Merck, Darmstadt, Germany), hydrochloric acid, acetic acid (Chimopar Srl,
Bucharest, Romania), sodium acetate (Scharlau, Barcelona, Spain), HPLC standards: ferulic
acid, p-coumaric acid, caffeic acid, quercetin dihydrate (Sigma-Aldrich, Merck Group,
Darmstad, Germany), syringic acid, luteolin, (+)-rutin trihydrate, (Alfa Aesar, Haverhill,
MA, USA), chlorogenic acid, myricetin (Cayman Chemical, Ann Arbor, MI, USA), api-
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genin, (−) epicatechin (Roth, Karlsruhe, Germany), and kaempferol (Cayman Chemical,
Ann Arbor, MI, USA).

2.2. Hydroalcoholic Extraction of Polyphenols from Raspberry

The polyphenols were extracted from freeze-dried raspberries by ultrasound-assisted
extraction with a 70% ethanol solution, and a ratio of substrate to solvent of 1:10, for 30 min.
at room temperature. The extraction was performed in an ultrasonic bath (P = 580 W,
frequency = 37 Hz), with the temperature at 20–30 ◦C by adding ice to the bath. The
samples were then centrifuged for 20 min at 8500 rpm, the supernatant was removed, and
the same volume of solvent was added over the remaining substrate to repeat the extraction.
The two resulting extract fractions were mixed together.

2.3. Analysis of Polyphenolic Content of Raspberry Extract and Honey
2.3.1. HPLC Analysis

High-pressure liquid chromatographic (HPLC) analysis of phenolic acids and flavonoids
was performed using Dionex Ultimate 3000 equipment (Thermo Fisher Scientific, Waltham,
MA, USA) with VWD-3100 detector, and the chromatograms were processed by
Chromelleon 7.0 software (Thermo Fisher Scientific, Waltham).

Solid-Phase Extraction

For the extraction of polyphenols from honey, solid-phase extraction was performed
based on a previously described method [14] with some modifications. Five grams of honey
were dissolved with 10 mL of MilliQ water and passed through a Strata®SDB-L-conditioned
cartridge (100 µm styrene-divinylbenzene 500 mg/3 mL, Phenomenex, Torrance, CA, USA)
with a mixture of acetonitrile, methanol, and MilliQ water (1:1:1), at a flow rate of 1 mL/min.
Elution was effected with a mixture of Methanol-Acetonitrile 2:1 at 1 mL/min.

HPLC Analysis of Phenolic Acids

The analysis of phenolic acids was conducted according to a method described by [15]
on a Luna Omega 5 µm Polar C18 100 Å column (250 mm× 4.6 mm) (Phenomenex, Torrance,
CA, USA). The method involved using a gradient program with a two-solvent system (A:
aqueous solution with 0.1% formic acid and B: methanol), applied as follows: 0–25 min.
5% B, 25–33 min. 30% B, 34–40 min. 5% B. The flow rate was set at 1.25 mL ×min−1, and an
injection volume of 10 µL was used to detect phenolic acids at 280 nm. The calibration curve
consisted of several standard concentrations between 18.125–1000 µg/mL. The coefficients
of determination (R2) were above 0.9996, which indicated good linearity.

HPLC Analysis of Flavonoids

The HPLC analysis of flavonoids from the raspberry extract and honey was performed
according to the method described by [16] on an Omega 5 µm Polar C18 100 Å column
(250 mm × 4.6 mm) (Phenomenex, Torrance). The compounds were separated with a
gradient elution of the mobile phase composed of (A) MeOH and (B) 0.5% H3PO4. The
gradient elution program was set as follows: 0–10 min 15% A and 85% B, 15–25 min
85% A and 15% B, 25–30 min. 60% A and 40% B. The flow rate of the mobile phase was
1.5 mL/min, and the column temperature was 25 ◦C. to detect flavonoids at 280 nm.

Flavonoids were identified and quantified by matching the retention time and their
spectral characteristics with the standards using a calibration curve.

2.3.2. Total Polyphenol Content

The total polyphenol content (TPC) of the extracts was determined by the Folin-
Ciocalteau method described by [17]. Briefly, 10 µL of sample solution or standard solution
was mixed with 90 µL double-distilled water (ddH2O) and 10 µL of Folin Ciocalteu reagent.
After 5 min of mixing, 100 µL of 7% Na2CO3 and 40 µL ddH2O were added to the mixture.
The absorbance was measured spectrophotometrically using a plate reader (CLARIOstar,
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BMG LABTECH, Ortenberg, Germany) at 765 nm after 60 min of incubation at room
temperature. The calibration curve was in the range of 5–30 µg/mL of gallic acid in 70%
ethanol. The results were expressed as mg gallic acid equivalent/100 g dry weight (DW) of
the sample (mg GAE/100 g).

2.3.3. Total Flavonoid Content

The total flavonoid content (TFC) of the extracts was determined using the aluminum
chloride/sodium acetate method according to [18] with some modifications. To evaluate the
TFC, 0.1 mL of sample/standard was mixed with 0.1 mL of 10% sodium acetate and then
0.12 mL of 2.5% AlCl3 and 0.68 mL of ddH2O were added to the mixture. The absorbance
was read at λ = 430 nm after 45 min of incubation at room temperature. The results were
expressed as quercetin equivalent mg/100 g DW of the sample.

2.3.4. Total Hydroxycinnamic Acid Content

Total hydroxycinnamic acid content (HAT) was determined by a method adapted
from the European Pharmacopoeia [19]. Briefly, 0.25 µL of sample/standard was mixed
with 50 µL 0.5 M HCl, then 50 µL of solution consisting of 1% (w/v) NaNO2 and 1% (w/v)
Na2MoO4 were added, followed by 50 µL of 8.5% NaOH and 75 µL ddH2O. The absorbance
was read at λ = 524 nm. A calibration curve with chlorogenic acid at concentrations in the
range 0–50 µg/mL in 70% (v/v) ethanol was performed to quantify hydroxycinnamic acids.
The results were expressed as mg chlorogenic acid equivalent/100 g DW of the sample.

2.3.5. Total Anthocyanin Content

Total anthocyanin content (TAC) was determined by the pH differential spectroscopic
method [20]. Briefly, 1.5 mL of extracts were diluted in two different buffers: in 0.025 M
potassium chloride buffer pH = 1, and in 0.4 M sodium acetate buffer pH = 4.5 respectively.
The absorbance (A) was measured at 520 and 700 nm (Ocean Optics UV-VIS-NIR, Orlando,
FL, USA) after 30 min of incubation at room temperature. The TAC was calculated using
the molar absorptivity coefficient (ε) and molecular weight (MW) of cyaniding 3-glucoside
(ε = 26,900 M−1 cm−1 and MW = 449.2 g/mol). The results were calculated as follows:
Asp = (A520−A700)pH1.0−(A520−A700)pH4.5 and TAC = (Asp × MW × DF × V × 1000)/
(ε × L ×m), where Asp is the absorbance of sample, DF is dilution factor, L is the cuvette
optical pathlength (1 cm), V-volume of the extracts (L), and m is the weight of the sample
(g). TAC was expressed as mg cyaniding 3-glucoside equivalent/100 g DW of the sample.

2.4. Preparation of Honey with Raspberry Extract/Polyphenolic Standard for AOA Activities

The extracts of raspberry were split equally into two equal fractions that were concen-
trated to dryness (S_CD) using a semi-automated evaporation system, i.e., a MultiVap54
(Lab tech, Sorisole, Italy) at 40 ◦C. One of the fraction S_CD was resuspended in honey
(H) at a ratio of 1:20 (w/w), resulting the honey-raspberry mixture sample (H_RE). The
other fraction S_CD was resuspended in 70% ethanol solution at the same ratio as in honey
(1:20 w/v), resulting in the RE sample. The sample H_RE was obtained by solubilizing
the extract fraction S_CD in honey using an ultrasonic bath, mixing thoroughly, and leav-
ing the polyphenols to diffuse overnight in honey. For AOA, the samples H and H_RE
were solubilized in 70% (v/v) ethanol at a concentration of 0.2 g/mL (w/v). The AOA
of the samples was assayed using four spectrophotometric methods: radical scavenging
activity (ABTS and DPPH) and reducing antioxidant power (CUPRAC and FRAP). The
AOA was performed at several concentrations, and calibration curves were calculated
for each method. The concentration values of RE tested individually were equivalent to
the concentrations of RE in mixtures with honey/GFSw. To check if the behaviour of RE
held for individual polyphenols dissolved in honey, we prepared the mixture of honey
and individual major polyphenols found in the raspberry extract: caffeic acid (CA) and
epicatechin (EP). Each polyphenol was solubilized in honey/70% ethanol at 0.5 mg per g
(w/w) of honey or 0.5 mg per mL (w/v) of 70% ethanol using an ultrasonic bath and the
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polyphenols were left to diffuse overnight. The AOA was performed at several concentra-
tions, and calibration curves were calculated for each method, as in the case of RE. The
concentration values of CA/EP tested individually were equivalent to the concentrations
used in mixtures with honey/GFSw. The final concentrations tested were in the range of
5 to 200 mg/mL honey or GFSw and their mixtures, 0.25 to 10 mg/mL RE, and 0.0025 to
0.1 mg/mL CA or EP either individually or at the corresponding mixture concentrations.

2.5. Antioxidant Activity
2.5.1. Radical Scavenging Activity by ABTS Assay

The antioxidant method of neutralizing the ABTS radical was determined by the
ABTS radical cation discoloration test [21]. ABTS+ was produced by the reaction between
7 mM ABTS in water and 2.45 mM potassium persulfate, incubated in the dark at room
temperature for 12–16 h before use. The ABTS+ solution was then diluted with 96%
ethanol to have an absorbance of 0.700 ± 0.04 at 734 nm. A volume of 20 µL of sample or
standard solution (prepared as described above, 2.4) was mixed with 180 µL of diluted
ABTS+ solution, and the absorbance was measured at 734 nm after 30 min of incubation at
room temperature.

2.5.2. Radical Scavenging Activity by the DPPH Assay

DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical-scavenging activity of the sam-
ples was performed according to [22] with some modification. Briefly, 100 µL of sam-
ple/standard solution was mixed with 100 µL of 0.3 mM DPPH solution in 99.6% (v/v)
ethanol. The absorbance was read at λ = 517 nm after 30 min of reaction using a UV-Vis
plate reader (CLARIOstar, BMG LABTECH, Ortenberg, Germany).

2.5.3. Cupric-Ion Reducing Antioxidant Capacity (CUPRAC) Assay

The antioxidant method of cupric ion reducing capacity (CUPRAC) was performed
according to a method adapted from [23] as follows. Ten microliters of sample/standard
solutions were mixed with 30 µL CuSO4 (5 mM), 30 µL neocuproine (3.75 mM) and 280 µL
distilled water, reaching a final volume of 350 µL. After 30 min, the absorbance was
measured at λ = 450 nm. A calibration curve of Trolox as the standard substance was
calculated based on several Trolox concentrations tested. The standard solutions started
from a stock solution of 10 mM Trolox in 70% (v/v) ethanol and were used for the calibration
curve within the concentration interval of 0–2 mM Trolox.

2.5.4. Ferric-Ion Reducing Antioxidant Power (FRAP) Assay

The antioxidant method of ferric ion reducing power (FRAP) is based on the ability
of antioxidants to reduce the tripyridyltriazine-Fe3+ (Fe (III)-TPTZ) complex to the blue-
colored tripyridyltriazine-Fe2+ (Fe (II)-TPTZ) complex by the action of electron released by
the antioxidant.

The determination of the antioxidant power of iron reduction was performed by the
method described by [24] with some modifications. The FRAP reagent was prepared by
mixing 10 parts of 0.3 M acetate buffer pH 3.6 with one part of 10 mM TPTZ (solubilized
in 40 mM HCl) and one part of 20 mM FeCl3 solution (10:1:1). An aliquot of 15 µL of
/standard solution was added to the 285 µL FRAP reagent. The absorbance was read at
593 nm after incubation for 30 min at 37 ◦C in the dark. A calibration curve of Trolox as
the standard substance was calculated based on several Trolox concentrations tested. The
calibration curve was made from the concentration range of 0–450 µM Trolox/mL in 70%
(v/v ethanol).

2.5.5. Evaluation of Modulation Activity between Honey/GFSw and Polyphenols

In order to establish possible modulations between honey/GFSw and polyphenols,
the combination index and isobologram analyses were performed. For DPPH and ABTS,
which presented non-linear effect dependence on concentration, the Webb analysis was
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also performed, in which the theoretical inhibited fraction was calculated by the formula:
100 − ((100 − fn,A) × (100 − fn,B)), where fn,A and fn,B represent non-inhibited fractions by
A and B when tested individually, respectively. The combination index (CI) was calculated
from the formula:

CI =
CA,m

CA,i
+

CB,m

CB,i

CA,m and CB,m are the concentrations of A and respectively B in the mixture that
give the same effect as the individual concentrations, CA,i and respectively CB,i. A and B
represent the two components that are mixed. A was honey/GFSw and B was RE/CA/EP.
Isobologramic diagrams were produced based on these values. The theory behind the
methods is described in reference [25].

The CI and isobologram analysis were determined at IC50 and IC20 (50% and 20%
substrate inhibition, respectively) in the case of DPPH and ABTS. These values were
calculated based on the median-effect equation proposed by Chou group that transforms a
non-linear dose-effect curve into a linear form:

log(
fi
fn
) = a× log(conc) + b

where fi and fn are the inhibited and non-inhibited fractions, respectively, a is the slope
and b = −a × IC50. The non-inhibitory (fn) and inhibitory (fi) fractions were expressed as
percent and calculated from the formula:

fn =
(A0 − blank0)− (Ac − blankc)

(A0 − blank0)
× 100

and fi = 100 − fn, respectively, where A0 and blank 0 are the absorbances of the substrate in
the absence of the antioxidant and of the corresponding blank (solvent without substrate),
respectively, and AC and blank C are the absorbances of the substrate in the presence of
concentration C of the antioxidant and of the corresponding blank (antioxidant without
substrate), respectively. In the case of CUPRAC and FRAP, the Trolox calibration curve was
used to express CI at 1 mM Trolox equivalent.

2.6. Preparation of Honey-Mimetic Natural Deep Eutectic Solvent

The natural deep eutectic solvent (NaDES), which mimics honey, was prepared based
on the content of the main sugars in multifloral honey according to the literature data [26].
The NaDES was synthesized by mixing glucose, fructose, saccharose, and water (1:1.3:0.2:5
by molar ratios). The mixture was heated and stirred at 70 ◦C until a clear, viscous mixture
was formed (≈21/2 h). From this point forward, the NaDES formed, abbreviated as GFSw,
was cooled to room temperature and kept in a closed bottle until use.

2.7. Physico-Chemical Characterisation of Honey-Mimetic Natural Deep Eutectic Solvent (GFSw)
and Honey
2.7.1. FTIR Analysis

FTIR-ATR spectroscopy measurements were performed using a Spectrum GX spec-
trometer (Perkin Elmer, Beaconsfield, UK), applying the Attenuated Total Reflectance (ATR)
technique with a diamond crystal, according to the manufacturer’s instructions. IR absorp-
tion spectra were obtained by the acquisition of 32 scans, with a resolution of 4 cm−1 in the
region between 4000 and 600 cm−1. The spectra of GFSw were compared with honey.

2.7.2. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed using a TA-Q5000 V3.13 (TA Instru-
ments, Inc., New Castle, DE, USA) device with nitrogen as the purge gas at a 50 mL/min
flow rate, according to the manufacturer’s instructions. The runs were carried out using
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a 10–15 mg sample in a platinum pan and a synthetic air atmosphere with 50 mL/min
airflow. The temperature range was between 25–700 ◦C with a heating rate of 10 ◦C/min.

2.7.3. Differential Scanning Calorimetry Analysis

Differential scanning calorimetry (DSC) analysis was performed using a DSC Q2000
(TA Instruments, Inc., New Castle, DE, USA) under helium flow (25 mL/min), accord-
ing to the Manufacturer instructions. Samples weighing around 10 mg were packed in
aluminum pans, and MDSC analysis was carried out to determine the thermodynamic
parameters (transition temperature—Tg, specific heat capacity—∆Cp, enthalpy—∆H) and
the glass transition.

2.7.4. Surface Tension Analysis

The surface tension of DES and honey was measured by optical tensiometer OCA
50EC (DataPhysics Instruments GmbH, Filderstadt, Germany), according to the manufac-
turer’s instructions. The method was based on evaluating the shape of a liquid droplet
suspended at the needle end of a syringe. The diameter of the needle had an outer di-
ameter of Φ = 1.83 mm, an inner diameter of Φ = 1.36 mm, and the length of the needle
was l = 38.1 mm. The shape of the drop represents the result of the interfacial tension of
the analyzed liquid (a spherical shape produces a minimum surface area) and the gravity
(elongation of the drop due to the mass of the liquid). The Laplace-Young equation was
used to determine the surface tension by software calculation.

2.7.5. Measurement of Specific Density

The densities of the DES and honey samples were measured using a density meter Easy
D40 (Mettler Toledo, Columbus, OH, USA), according to the manufacturer’s instructions.
For each sample, three replicates were obtained, and the average was reported.

2.7.6. Measurement of Water Activity

Water activity was measured at 22 ◦C using LabMaster-aw neo (Novasina AG, Lachen,
Switzerland) equipment, according to the manufacturer’s instructions. For each determina-
tion, four replicates were obtained, and the average was reported.

2.7.7. Measurement of pH

The pH values of samples were measured using a pH-meter SevenCompact 2S10
(Mettler Toledo, Columbus, OH, USA), according to the manufacturer’s instructions.

2.7.8. Measurement of Refractive Index and Total Soluble Solids

Refractive index and total soluble solids (TSS) were determined using a digital refrac-
tometer (MyBrix, Mettler Toledo, Columbus, OH, USA), according to the manufacturer’s
instructions. The refractometer was first calibrated with double-distilled water. The total
soluble solids of honey and GFSw were represented by total soluble sugar and expressed
as Brix degrees (one percent of TSS is considered one 0Brix) [27]. For each determination,
four replicates were obtained, and the average values were reported.

2.7.9. Spray-Drying

Honey and GFSw were powdered by a spray-drying method. The honey solution
was prepared for spray-drying according to [28] with some modification by mixing with
maltodextrin (MD) and ddH2O to obtain a solution with 75% solids (w/v). The ratio
between honey and MD was 60:40 (w:w). The GFSw solution was prepared in the same
way. The spray drying of honey and of the GFSw solutions was performed using a Mini
Spray Drier B—290 (Büchi, Flawil, Switzerland). The spray drier was also equipped
with a pre-drying air module that worked in parallel during the drying process with
the spray drier. During the spray drying process, the pre-drying air module showed a
69–72% dehumidification at 0–1 ◦C. Honey and GFSw solution was spray dried under
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the following conditions. The feed solution was introduced, along with the dehumidified
drying air through a three-fluid nozzle system mounted on top of the spray drier, the inlet
air drying temperature was set at 120 ◦C, and the debit of the peristaltic pump was set
at 10% (3 mL/min). The debit flow meter of drying air was set at 55 mm (670 L/h, with
a 1.05 bar pressure drop, meaning that the actual inserted air volume was 1374 L/h at
standard temperature and pressure, as recorded in the instructions manual). During the
spray-drying process, the outlet temperature was recorded at 50 ◦C for honey and 74 ◦C
for GFSw. Powders were kept in a desiccator to prevent moisture.

2.7.10. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was performed with TM4000Plus II tabletop
electron microscope (Hitachi, Tokyo, Japan) at 5 kV electron acceleration voltage, 200×
and 600×magnification, backscattered-electron (BSE) detector, and standard (M) vacuum
mode, according to the manufacturer’s instructions.

2.7.11. X-ray Diffraction

X-ray diffractograms were obtained with a SmartLab diffractometer (Rigaku, Tokyo,
Japan) in “parallel beam” geometry, using Cu-Kα radiation (λ = 1.5406 Å) obtained at an
acceleration voltage of 45 kV and emission current of 200 mA, and a scintillator detector,
according to the manufacturer’s instructions. The diffractograms were recorded in the 2θ
range of 5–90◦ in steps of 0.02◦ at a speed of 4◦/min.

2.8. Preparation of GFSw with Raspberry Extract and with Polyphenolic Standards

The mixtures of GFSw and polyphenols were prepared in a similar way to the mixtures
using honey described above. The extracts of raspberry were split equally into two fractions
and were concentrated to dryness using a semi-automated evaporation system MultiVap54
(Lab tech, Sorisole, Italy) at 40 ◦C. One of the samples was resuspended in GFSw at a
ratio of 1/20 (w/w), and the other one was resuspended in 70% ethanol solution at the
same ratio of 1/20 (w/v). The extract was solubilized in GFSw using an ultrasonic bath,
mixed thoroughly, and the polyphenols were left to diffuse overnight. The AOA of the
samples was assayed using the same spectrophotometric methods: radical scavenging
activity (ABTS and DPPH) and reducing antioxidant power (CUPRAC and FRAP).

The individual major polyphenols found to be in raspberry extract (caffeic acid and
epicatechin) were solubilized in GFSw at the same concentration and in the same way for
honey described above.

2.9. Statistical Analysis

We calculated confidence intervals at 95% confidence for the isobolographic analysis
of the AOA activities. The confidence intervals were calculated by subtracting and adding
the value 1.96 × SD/sqrt (n), where SD is the standard deviation and n is the number of
measurement replicates (n = 3 in all cases).

3. Results

The polyphenolic composition of the raspberry extract was determined based on
several assays: total polyphenolic content (TPC), total flavonoid content (TFC), total hy-
droxycinnamic content (HAT), total anthocyanin content (TAC), and HPLC analysis.

3.1. Screening of Bioactive Compounds in Honey and Raspberry Extract
3.1.1. Total Polyphenols, Flavonoids, and Anthocyanins Content

The results of TPC, TFC, HAT, and TAC of raspberry and honey samples are summa-
rized in Table 1.
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Table 1. The results of total polyphenol content (TPC), total flavonoid content (TFC), total anthocyanin
content (TAC).

TPC GAE mg/100 g DW TFC QE mg/100 g DW HAT Chae mg/100 g DW TAC mg cya, 3-Glu
equivalent/100 g DW

Raspberry 282 ± 10.72 29.88 ± 1.05 57.92 ± 2.92 62.92 ± 0.64
Honey 4.63 ± 0.30 2.25 ± 0.057 2.89 ± 0.086 -

Values are mean ± SD (n = 3). GAE—gallic acid equivalent, QE—quercetin equivalent, Chae—chlorogenic acid
equivalent, Cya3-Glu—cyaniding 3-glucoside, DW—dry weight.

The results indicated that the TPC, TFC, and HAT (282 ± 10.72 GAE mg/100 g DW,
29.88 ± 1.05 QE µg/g DW, and 57.92 ± 2.92 Chae mg/100 g DW) were significantly
higher than that of honey (4.63 ± 0.30 GAE mg/100 g DW, 2.25 ± 0.057 QE µg/g DW and
2.89 ± 0.086 Chae mg/100 g DW). According to literature data [29–31], the concentration of
phenolic compounds (which also includes polyphenols, flavonoids, hydrocinnamic acids,
and anthocyanins) is dependent on numerous factors (species, cultivars, environmental,
storage, methods of extractions, and analysis). For these reasons, the concentration of
phenolic compounds varies in different scientific articles. Our results correspond to the
literature. The value of TPC from raspberry was in the range of reported results by [32],
who obtained a total phenolic content in the range 164.54–416.24 mg GAE/100 g, and
also was higher than the results reported by [13] −140.31–160 mg/100 g FW. The total
flavonoid content was lower than those revealed by [13], who obtained values in the range
88.98–111.14 mg/100 g. The total anthocyanin value was slightly higher than the values
reported by [32,33] and lower than the values obtained by [13].

Our results for TPC and TFC were in agreement with literature data [34,35] concerning
polyphenols in Romanian honey samples. Our value of TPC was lower than the values
reported by [35] and slightly higher than the results reported by other authors [34]. These
differences between our data and the data from the literature could be related to the com-
position of honey, which is affected by various factors, such as the floral and geographical
origin, the collection season, the storage, and the harvesting technology.

3.1.2. HPLC Analysis

The identification and quantification of phenolic acids and flavonoids in honey and
raspberry were performed by an HPLC technique. In the case of the honey sample, the
HPLC analysis of phenolic acids from the honey sample was performed after a preliminary
isolation step of the phenolic compound by SPE from the honey matrix. The chromatograms
of polyphenolic compounds from raspberry and honey samples are presented in Supple-
mentary Materials (Figures S1–S4). The deconvolution of the peaks was performed in Orig-
inPro 2018 (OriginLab Corporation, USA). The amounts of phenolic acids and flavonoids
identified in honey and raspberry are summarized in Table 2.

Phenolic compounds found in the honey analyzed included 4-hydroxybenzoic acid,
caffeic acid, p-coumaric acid, protocatechuic acid, ferulic acid, rutin, quercetin, apigenin,
and myricetin. Overall, the concentration of phenolic compounds was in agreement with
data reported in other scientific articles [34–36]. The content of protocatechuic acid, caffeic
acid, myricetin, and 4-hydroxybenzoic acid in our honey sample was higher than the
value reported by [34], who obtained 0.15, 0.14, and 0.50 mg/100 g, and 0.08 mg/100 g,
respectively. They also reported the concentration of quercetin at 1.23 mg/100 g, which was
lower than our value. The hydroalcoholic raspberry extract was analyzed to identify and
quantify phenolic compounds. The phenolic compounds found in the raspberry extract
were caffeic acid, ferulic acid, p-coumaric acid, epicatechin, rutin, quercetin, kaempferol,
apigenin, and myricetin, and corresponded with literature data [13]. The highest content
of phenolic acids analyzed was identified as caffeic acid with 770.96 ± 24.06 µg/g, and
epicatechin with the highest flavonoid content at 1684.06 ± 77.88 µg/g.
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Table 2. Polyphenols (phenolic acids and flavonoids) from raspberry and honey by HPLC analysis.

Polyphenols Raspberry, µg/g Honey, µg/g

Phenolic acids:
Caffeic acid 770.96 ± 24.06 1.88 ± 0.02
Ferulic acid 7.14 ± 0.57 26.60 ± 1.46

p-coumaric acid 2.72 ± 0.39 3.06 ± 0.05
4-hydroxybenzoic acid - 6.39 ± 0.09

Protocatechuic acid - 2.66 ± 0.15
Flavonoids:
Epicatechine 1684.06 ± 77.88 -

Rutin 83.43 ± 1.58 1.60 ± 0.03
Quercetin 16.12 ± 1.31 6.50 ± 0.44

Kaempferol 27.73 ± 2.09 -
Apigenin 22.44 ± 0.28 13.27 ± 0.39
Myricetin - 8.39 ± 0.27

3.2. Evaluation of the Antioxidant Activity of Honey and Its Formulations with Polyphenols

According to our results, the AOA of honey enriched with raspberry extract was
higher than commercial multifloral honey as determined by all methods (DPPH, ABTS,
FRAP, and CUPRAC), as can been seen in the Supplementary Material Table S1. The
concentration dependence of experimental and theoretical AOA of honey and RE (H_RE
versus H + RE) is shown in Supplementary Information Table S2. As can be seen, the AOA
varied linearly with concentration in the case of FRAP and CUPRAC and sigmoidal in the
case of DPPH and ABTS. A similar trend occurred in the case of individual RE. Based on
the individual calibration curves, isobologramic diagrams were built, as seen in Figure 1.
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Figure 1. Isobolograms of honey (H) and raspberry extract (RE) based on IC50 (half-maximal in-
hibitory concentration) and IC20 (inhibitory concentration at 20% substrate inhibition) for DPPH (A),
and ABTS (B) methods, and based on EC1mM Trolox (effective concentration at 1 mM Trolox equivalent
of the samples) for CUPRAC (C) and FRAP (D) methods. The error bars from three measurements
are shown for each value. Confidence intervals at 95% confidence are shown by dashed lines.
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To compare the behaviour of RE with that of individual polyphenols dissolved in
honey, we analyzed the AOA of the mixture of honey and individual major polyphenols
from the raspberry extract. As shown above, HPLC analysis showed caffeic acid (CA) and
epicatechin to be present in significant amounts. These were chosen to test the antioxidant
behaviour induced by polyphenols and honey. For the determination of AOA activity, the
polyphenol was resuspended in honey or 70% ethanol at the same polyphenol concentration
(0.5 mg/g of honey, 0.5 mg/mL of 70% ethanol, respectively. Caffeic acid and epicatechin
enhanced the AOA of honey. (Table S1). The concentration dependence of experimental
and theoretical AOA of honey and the polyphenol (CA or EP) is shown in Supplementary
Information Table S3. The concentration dependence of AOA was linear in the case of FRAP
and CUPRAC and sigmoidal in the case of DPPH and ABTS (Supplementary Information
Tables S1 and S3), as seen also for honey and honey with extract mixture (H_RE and
H + RE). A similar trend was seen in the case of individual CA and EP. The results of
isobolomic representations of honey enriched with CA and epicatechin (EP) are shown in
Figures 2 and 3, respectively.
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Figure 2. Isobolograms of honey (H) and caffeic acid (CA) based on IC50 (half-maximal inhibitory
concentration) and IC20 (inhibitory concentration at 20% substrate inhibition) for DPPH (A) and
ABTS (B) methods, and based on EC1mM Trolox (effective concentration at 1 mM Trolox equivalent of
the samples) for CUPRAC (C) and FRAP (D) methods. The error bars from three measurements are
shown for each value. Confidence intervals at 95% confidence are shown by dashed lines.

The CI values were calculated for all combinations (Table 3). The CI values were
dependent on method, dose and polyphenol type, and varied between a minimum of 0.532
(DPPH IC50 of H_RE) and 2.885 (DPPH IC50 of H_EP).
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Table 3. Combination index (CI) between samples in AOA assays.

AOA Method H_RE H_CA H_EP

FRAP 0.929 ± 0.029 0.866 ±0.021 1.104 ± 0.071
CUPRAC 1.069 ± 0.059 1.426 ± 0.016 1.641 ± 0.086

DPPH IC50 0.532 ± 0.003 1.174 ± 0.083 2.885 ± 0.183
DPPH IC20 0.604 ± 0.019 0.836 ± 0.030 1.436 ± 0.110
ABTS IC50 2.237 ± 0.043 1.552 ±0.081 1.292 ± 0.079
ABTS IC20 0.731 ± 0.032 0.790 ± 0.026 1.438 ± 0.055

H_RE-mixture of honey and raspberry extract, H_CA-mixture of honey-caffeic acid, H_EP—mixture of honey-
epicatehin. IC50 and IC20 represent the analysis for doses at 50% and 20% substrate inhibition, respectively.
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Figure 3. Isobolograms of honey (H) and epicatechin (EP) based on IC50 (half-maximal inhibitory
concentration) and IC20 (inhibitory concentration at 20% substrate inhibition) for DPPH (A) and
ABTS (B) methods, and based on EC1mM Trolox (effective concentration at 1 mM Trolox equivalent of
the samples) for CUPRAC (C) and FRAP (D) methods. The error bars from three measurements are
shown for each value. Confidence intervals at 95% confidence are shown by dashed lines.

3.3. Comparison between Honey and the Honey-Mimetic NaDES, GFSw

We prepared a honey-mimetic NaDES based on the content of glucose, fructose,
sucrose, and water according to the literature data [26]. This NaDES was characterized by
different methods and was compared with wildflower honey.

Fourier transform infrared spectroscopy (FTIR) was used to study the interaction
between the main components of NaDES, to follow the structural changes induced by the
formation of DES, and to compare NaDES with honey (Figure 4).
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Figure 4. Comparison between the ATR-FTIR spectra of honey and the main components of GFSw—
glucose, fructose, and sucrose (A) and between the ATR-FTIR spectra of honey and GFSw NaDES (B).
The absorption bands from 1419 cm−1 and 1345 cm−1 are characteristic of the bending vibrations of
O-CH and C- CH in the structure of carbohydrates or of the bending vibrations coming from OH from
the C-OH group. The bands from about 1255–1140 cm−1 are characteristic of the stretching vibration
of C-H or C-O from carbohydrates. The vibration with a maximum of about 1100 cm−1 is a band that
can come from the C-O vibration in the C-O-C group. The bands of approximately 1055, 1025, 990,
and 777 cm−1 can be assigned to C-O stretching from the C-OH group or C-C from the carbohydrate
structure. The band at 987–988 cm−1 is characteristic of the glycosidic bond C-O-C. The spectral area
from 898 to 818 cm−1 is characteristic of the anomeric vibrational region of carbohydrates or the C-H
deformation group [37,38].

The spectra of the analyzed samples (4000 to 600 cm−1) show the characteristic band
of hydrogen bonds at 3280 cm−1 (O-H hydrogen bonds), the bands around 2900 cm−1,
characteristic of the stretching vibrations of the C-H groups, and the fingerprint region
(1500–700 cm−1).

The FTIR spectra showed that there were significant changes upon mixing the three
carbohydrates and water compared to individual compounds (Figure 4A). The most sig-
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nificant changes were in the fingerprint region, where the number of bands decreased
in GFSw.

The individual carbohydrates were characterized by multiple sharp bands, while in
GFSw, these sharp bands disappeared, and the remaining bands became broader. Some
bands, such as the sharp band in the region 3400–3600 cm−1 and bands in the region
2300–2000 cm−1 that were present in the individual carbohydrates disappeared, and a new
band appeared at 1647 cm−1 in GFSw. This band was present in honey as well (Figure 4B).
The FTIR spectrum of GFSw was very similar to the spectrum of honey.

The TG/DTG curves of the samples (Figure 5) showed that the decomposition of
honey occurred in consecutive events involving different stages.
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Figure 5. TGA/DTG curves of honey and DES mimetic with honey (GFSw,) and of the main
components of GFSw (glucose, saccharose, fructose).

These stages start at room temperature and end close to 600 ◦ C. The results are
summarized in Table 4

Table 4. TGA/DTG analysis of honey and GFS.

Sample Transition
Temperature Range Wt. Loss Tmax

(◦C) (%) (◦C)

Honey

1 32.7 153.7 15.96 117.5
2 153.7 257.5 37.86 170.2/208.1
3 257.5 338.0 16.26 273.6
4 338.0 700.0 13.48 359.7

Residue 16.44 (700 ◦C/N2)
Ash 0.08 (700 ◦C/Air)

GFSw

1 32.7 142.6 14.26 104.8
2 142.6 236.0 26.39 169.1/214.8
3 236.0 341.7 31.43 264.3
4 341.7 700.0 13.28 360.2

Residue 14.63 (700 ◦C/N2)
Ash 0.03 (700 ◦C/Air)
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The first and second transition of thermal decomposition took place between room
temperature and about 140–155 ◦C, and can be attributed to the water loss and volatile
constituents and possibly small contributions from protein denaturation; the last two only
in the case of honey.

The next thermal events, which occurred between 155 and 700 ◦C, can be attributed to
the thermal decomposition of sugars and materials resulting from caramelization processes.

The percentage of residues at 700 ◦C corresponded to the content of carbonaceous
materials formed as a result of advanced pyrolysis of sugars.

The ash content values resulted from the combustion of carbonaceous materials and
represent traces of inorganic materials or graphitized organic materials. Honey and GFSw
showed decompositions within similar temperature ranges, but the weight losses presented
some differences between the two products at transitions 2 and 3.

Figure 6 shows DSC thermograms obtained after cooling and heating cycles of honey
and GFSw samples. The DSC analysis of the first cooling from room temperature to−75 ◦C
showed a glass transition for honey (from −36.0 ◦C to −53.6 ◦C, with a mid-point, glass
transition temperature (Tg) of −45.0 ◦C) and GFSw (from −32.7 to −49.4 ◦C, with Tg of
−40.3 ◦C). The specific heat capacity was similar between honey (0.81 J/(g ◦C) and GFSw
(0.84 J/(g ◦C).
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Figure 6. Differential scanning calorimetry (DSC) heating thermograms of honey and GFSw. First
cooling cycle in the range of temperatures from 0 ◦C to −75 ◦C (A), first heating cycle in the range of
temperatures from −75◦C to 100 ◦C (B), second cooling cycle in the range of temperatures from 0 ◦C
to −75 ◦C (C), second heating cycle in the range of temperatures from −80 ◦C to 100 ◦C (D).

The corresponding enthalpy was 235.5 J/g for honey and 243.5 J/g for GFSw. This
transition occurs when the material changes upon cooling from the rubber-like state into the
hard, glassy state [39]. The first heating from −75 ◦C to 100 ◦C presented similar reversible
transitions, but with less negative temperatures and lower heat capacities, representing
transitions from the glassy solid state to the rubbery state upon heating. There was also
a change in heat flow at high temperatures (>25 ◦C), steeper and larger for honey than
for GFSw.
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In the case of the second cooling and second heating, the mid-point temperatures of
both honey and GFSw become less negative compared with the first transitions and much
closer between the two samples, but with changing order (mid-point temperatures of GFSw
are lower than mid-point temperatures of honey). The temperature differences (∆T) of Tg
values between the first and second transitions were higher with approx. 6.5 ◦C for honey
than for GFSw. The change in heat flow at high temperatures also became similar between
the two samples and less pronounced than during the first transitions.

We next wanted to obtain information about the morphological and structural behavior
of GFSw compared to honey. Honey and, respectively, GFSw, were spray-dried after
mixing with maltodextrin and investigated by SEM and X-ray diffraction techniques.
Figure 7 shows several SEM micrographs of the external microstructure of honey and GFSw
powders at 200× and 600× magnification. As can been seen, the products show similar
morphological features, with smooth surfaces and aggregates of round microparticles with
linkages between them, similar to other types of honey reported [28]. There are some small
holes present in both honey and GFSw clearly visible at 600× magnification. Although
similar, the particles of honey seem to be larger than the particles of GFSw, and we observed
additional very small particles on the honey surface, which could be due to the presence of
other compounds in honey.
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The XRD profiles show two wide main peaks and a much less intense one, similar to
honey and GFSw (Figure 8).
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Figure 8. X-ray diffractograms of honey (red) and GFSw (black).

The diffractograms could be deconvoluted by Gaussian decomposition in up to four
apparent peaks, at approx. 2θ = 17.58◦/17.8◦, 35.9◦/35.01◦, 44.2◦/46.2◦, and 78.3◦/78.1◦,
for honey/GFSw but with the two intermediate peaks overlapping significantly and the
fourth (78◦) with a very small amplitude (Supplementary Figures S5 and S6, Table 3).

When fitting with two maxima, the 2θ were approx. 17.59◦/17.72◦ and 36.16◦/34.53◦

for honey/GFSw. The fitting were slightly but not significantly improved from 2 to 4 angles.
The corresponding average atomic distances resulting from 2θ were similar between honey
and GFSw (Table 5).

Table 5. XRD parameters from the Gaussian deconvolution of diffractograms for honey and GFSw.

2 Peaks Deconvolution
Sample 2θ Distance (d)

Honey 17.59◦; 36.16◦ 5.04 Å; 2.48 Å
GFSw 17.72◦; 34.53◦ 5.00 Å; 2.59 Å

4 Peaks Deconvolution
Honey 17.58◦; 35.9◦; 44.2◦; 78.3◦ 5.04 Å; 2.50 Å; 2.05 Å; 1.22 Å
GFSw 17.8◦; 35.01◦; 46.2◦; 78.1◦ 4.99 Å; 2.56 Å; 1.97 Å; 1.22 Å

3.4. Physicochemical Characteristics of Honey and GFSw

The physicochemical characteristics of surface tension, density, pH, water activity,
refractive index, and Brix degree of honey (total soluble solids—TSS) and GFSw are sum-
marized in Table 6. Most physicochemical parameters measured (surface tension, density,
pH, refractive index, and TSS) had slightly lower values in the case of honey than in the
case of GFSw. Water activity was slightly higher in the case of honey compared with GFSw.

We wanted to check if the mixtures GFSw—extract and GFSw—polyphenol standard
had the same behaviour as in the case of honey. The NaDES GFSw was enriched with
concentrated raspberry extract/standard (caffeic acid or epicatechin) in the same ratio of
1:20 (w/w) as with honey. The concentration dependence of AOA was similar in the case of
GFSw compared to honey (linear for FRAP and CUPRAC and sigmoidal for DPPH and
ABTS: Tables S4 and S5), but GFSw had very small AOA activity, as expected due to the
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lack of polyphenols, except in the case of CUPRAC method, where GFSw activity was
similar to the honey activity. The isobologram diagrams are presented in Figures 9–11 for
RE, CA and EP, respectively. The CI values are shown in Table 7.

Table 6. Surface tension, density, the pH, water activity refractive index, and total soluble solids (TSS)
of honey and GFSw/.

Sample Surface
Tension, mN/m Density, g/cm3 pH Water Activity Refractive

Index TSS, 0Brix

Honey 80.292 ± 0.167 1.4207 ±
0.00025 3.75 ± 0.045 0.586 ± 0.00059 1.490 ± 0.00075 80.075 ± 0.09

GFSw 82.214 ± 0.015 1.4301± 0.00092 4.31 ± 0.032 0.555 ± 0.00134 1.495 ± 0.000 82.025 ± 0.15

Table 7. Combination index (CI) between samples in AOA assays.

AOA Method GFSw_RE GFSw_CA GFSw_EP

FRAP 0.986 ± 0.021 0.973 ± 0.036 1.149 ± 0.056
CUPRAC 1.409 ± 0.023 1.605 ± 0.065 1.502 ± 0.176

DPPH IC50 0.915 ± 0.043 1.642 ± 0.085 1.884 ± 0.097
DPPH IC20 0.572 ± 0.071 1.077 ± 0.088 1.337 ± 0.108
ABTS IC50 2.646 ± 0.162 1.564 ± 0.078 1.310 ± 0.062
ABTS IC20 1.011 ±0.079 0.897 ± 0.036 1.241 ± 0.047

GFSw_RE-mixture of NaDES and raspberry extract, GFSw_CA-mixture of NaDES-caffeic acid, GFSw_EP—
mixture of NaDES-epicatehin. IC50 and IC20 represent the analysis for doses at 50% and 20% substrate inhibition,
respectively.
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Figure 9. Isobolograms of NaDES (GFSw) and raspberry extract (RE) based on IC50 (half-maximal
inhibitory concentration) and IC20 (inhibitory concentration at 20% substrate inhibition) for DPPH (A),
and ABTS (B) methods, and based on EC1mM Trolox (effective concentration at 1 mM Trolox equivalent
of the samples) for CUPRAC (C) and FRAP (D) methods. The error bars from three measurements
are shown for each value. Confidence intervals at 95% confidence are shown by dashed lines.
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Figure 10. Isobolograms of NaDES (GFSw) and caffeic acid (CA) based on IC50 (half-maximal
inhibitory concentration) and IC20 (inhibitory concentration at 20% substrate inhibition) for DPPH
(A), and ABTS (B) methods, and based on EC1mM Trolox (effective concentration at 1 mM Trolox
equivalent of the samples) for CUPRAC (C) and FRAP (D) methods. The error bars from three
measurements are shown for each value. Confidence intervals at 95% confidence are shown by
dashed lines.
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Figure 11. Isobolograms of NaDES (GFSw) and epicatechin (EP) based on IC50 (half-maximal
inhibitory concentration) and IC20 (inhibitory concentration at 20% substrate inhibition) for DPPH
(A), and ABTS (B) methods, and based on EC1mM Trolox (effective concentration at 1 mM Trolox
equivalent of the samples) for CUPRAC (C) and FRAP (D) methods. The error bars from three
measurements are shown for each value. Confidence intervals at 95% confidence are shown by
dashed lines.
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The GFSw values that resulted in the same effect as the mixture were extremely high
and non-realistic (especially with the DPPH method). This suggests that in this case, NaDES
acts more as potentiator or inhibitor rather than synergiser or antagoniser, because of its
lack of AOA activity.

The CI values were dependent on method, dose and polyphenols type, and varied
between a minimum of 0.572 (DPPH IC20 of GFSw_RE) and 2.646 (ABTS IC50 of GFSw_EP).

4. Discussion

As mentioned previously, phenolic compounds are those most responsible for the
antioxidant activity of honey and plant extracts. The antioxidant properties of phenolic
compounds are attributed to their capacity to neutralize free radicals by several mechanisms,
such as HAT (hydrogen atom transfer), SET-PT (single electron transfer via proton transfer),
sequential proton loss electron transfer or TMC (transition metal chelation) [40].

The AOA of the samples (honey and raspberry extract) could be correlated with the
concentrations and profiles of polyphenols analyzed by colourimetric assays (TPC, TFC,
HAT) and the HPLC method. As expected, the AOA of honey enriched in raspberry
polyphenolic extracts was much higher than the AOA of pure honey at all concentrations
tested, irrespective of the AOA method employed.

It has often been claimed that honey constituents, as well as mixtures of honey with
other ingredients, act or induce synergistic effects. Still, these claims have not been thor-
oughly and rigorously investigated and proven. In some studies, synergism was less
evident, but we believe this was partially due to the method of evaluation approached [5,6].
In other cases, synergism seemed to depend on the honey type and the AOA method [8].

To the best of our knowledge, we performed here for the first time an investigation on
honey—polyphenols and honey biomimetic NaDES—polyphenols modulations as reflected
in AOA activities, based on isobolomic and combination index (CI) calculation, which
represents a rigorous assessment of synergism or antagonism behaviour. Depending on
the values of CI, the activity is theoretically defined as synergic (CI < 1), additive (CI = 1)
and antagonistic (CI > 1). In practice, a confidence interval also applies and the values
between 0.9 and 1.1 are usually considered as reflecting additive behaviour. The behaviour
of RE was highly heterogeneous, varying from relatively strong synergism (CI = 0.532
for DPPH IC50) to relatively strong antagonism (CI = 2.237 for ABTS IC50), depending on
the method and, in the case of DPPH and ABTS on the dose of mixture tested (Table 3).
FRAP and CUPRAC showed additive behaviour, which correlated to the experimental and
theoretical calibration curves (Table S2). The individual main polyphenols representative of
phenolic acids and flavonoids (caffeic acid and epicatechin, respectively) from the extract
had heterogeneous behaviour that depended on method and dose in a similar manner to
that in the case of CA, and in a different manner to that in the case of EP, compared to
RE. CA had a more heterogeneous behaviour than EP, the latter resulting in only different
degrees of antagonism and no synergism. The ABTS activity of H_RE and H_CA seem to
depend strongly on the dose applied, shifting from synergism at low doses to antagonism
at high doses. The CI correlated with the experimental and theoretical calibration curves
(Table S3).

A previous study from more than a decade ago applied a comparison approach,
using ORAC and EPR techniques and physiologically relevant media [41]. It was found
that certain combinations of antioxidant compounds at lower concentrations than in our
study showed synergic effects, especially when involving sugar solutions and ascorbic acid
together with polyphenols. Some results were contradictory, and further investigations are
necessary but have not become available.

More recent work found other contradictory results with respect to sugar’s influence
on polyphenol activity, with either synergetic or antagonistic behavior or no effect. This
depended on compound and sugar types, concentration, and AOA method [42–44]. Based
on some studies, a possible explanation for the synergetic effect observed could be related to
the stabilization and protection of some polyphenols by sugars and vice versa [45–47]. Still,
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considering the heterogeneous behavior observed by several groups, this aspect probably
has only a partial contribution and prevails only in specific cases, not as a general rule.
Sucrose, glucose, and other sugars, for example, were previously shown to be able to
quench ·OH radicals [48,49], and it was predicted that sucrose, sucrose radicals, and other
sugars could interact with secondary metabolites, such as phenolic compounds, which
could determine in some cases sucrose recycling [44]. It is possible that these features play
a role in some particular situations, especially involving ·OH radicals. Sugar interaction
with aromatic molecules was predicted based on molecular dynamics simulation and NMR,
which showed that the interaction is rather hydrophobic in nature (sugar and aromatic
rings stacking) than H-bonds driven [50,51].

Honey is considered an example of a natural deep eutectic solvent [2,52]. Most of
the physicochemical and structural properties of our honey-mimetic NaDES were similar
to those of honey. The FTIR spectral changes observed upon saccharide mixing com-
pared to individual compounds indicate a shift from the crystalline nature characteristic
of the saccharide powder to an amorphous structure within NaDES. These differences
between crystalline and amorphous carbohydrates/dried melt samples have been reported
before [53,54].

Similar ATR-FTIR spectra for honey, as obtained in our study, have been previously
reported [28,55–57]. The results prove that the carbohydrate arrangement within GFSw is
very similar to that in honey. The appearance of the band at 1640 cm−1 can result from the
deformation vibrations of the −OH groups of the water present in GFSw. This band is very
similar to the one from honey, indicating similar composition and molecular arrangement
between GFSw and honey.

Based on XRD analysis, honey was previously characterized as having an amorphous
structure. In accordance with the FTIR data, the XRD profile was characterized by broad
diffraction maxima, indicating amorphous structures with short-range order (Figure 9).
From the Gaussian decomposition of diffractograms, the main average distances between
atoms in molecules were found to be similar between honey and GFSw. Few in-depth
studies have reported on the diffractogram deconvolution and analysis of honey powders
obtained by spray drying. A recent study reported similar results, with a four-peak
Gaussian deconvolution profile, but with one difference, i.e., almost half 2θ angle (approx.
23◦) compared with our result (approx. 45◦). It is unclear at the moment what the cause of
this difference is, but we believe that this angle has no physical significance as it did not
significantly influence the overall results. As mentioned, there was a significant overlap
of peaks 2 and 3, and the second angle (approx. 35◦) had similar values between the
two-peak fitting and four-peak fitting (Table 3). This aspect needs more in-depth studies
and is beyond the purpose of this work. The most important outcome is that honey
and GFSw gave very similar diffractograms, showing that both samples have a similar
amorphous structure characterized by short-range order and only slightly different in the
main distances between atoms [28].

Some differences were expected, such as pH slightly lower in honey than in GFSw
due to the presence of organic acids and other molecules, or slightly lower surface tension
of honey compared to GFSw due to more complex/slightly different composition. The pH
range of honey is 3.5–5.5, and is influenced by various intrinsic and extrinsic factors [58].
The pH of GFSw is within this range. Surface tension is a measure of the interaction strength
between the components in a sample. A better understanding of the intermolecular forces
that are manifested in the liquid and between the surfaces is obtained from surface tension
values [59]. The factors that influence the intermolecular forces within DES are temperature,
the nature of HBA/HBD (hydrogen bond acceptor/hydrogen bond donor), and the molar
ratio of the components (higher intake of HBA will increase the surface tension of the
mixture) [60]. Honey contains about 80% solid components that melt individually above
100 ◦C (glucose, fructose, sucrose), and about 15–20% of water. The fact that this mixture
is liquid at room temperature is due to the optimal combination ratio of the components.
Honey has high surface tension due to the hydrogen bonds that are formed between
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saccharides and water (saccharides have many O atoms with non-participating e− pairs
that participate in the formation of H bonds with H from water), as well as cohesive forces.
The higher surface tension in GFSw than in honey could indicate slightly stronger H-bond
interactions in GFSw than in honey and/or higher percent of saccharides, which correlate
with the higher density and lower water activity, respectively. Considering that TSS was
similarly higher in GFSw than in honey, it is possible that a significant contribution comes
from the slightly higher percent of saccharides in GFSw than in honey.

The more complex/slightly different composition of honey compared to GFSw is
probably responsible also for the differences in the morphological features observed in
SEM micrographs, honey resulting in larger spray-dried particles than GFSw.

Other minor differences between honey and GFSw correlated with each other, which
shows that the data were consistent. For example, the experimental water content difference
between honey and GFSw was similar to that determined by TSS (∆ = 2%) and TGA
(∆ = 1.7%). The absolute values were lower (with approx. 4% water content) as determined
by TGA compared to TSS for both honey and GFSw, which could represent molecules of
water more tightly bound than the rest and which evaporated at higher temperatures. The
water activity of honey was approx. 5.6% higher than that of GFSw, implying some water
molecules are less tightly bound in honey than in GFSw, besides the contribution of the 2%
higher water content in honey than in GFSw. Water activity is a quality parameter that is
used to estimate the shelf life and crystallization rate of honey samples. In honey, water
activity is influenced by sugar content (glucose, fructose, and other sugars) [61]. Refractive
index, density, and TSS correlated with each other for both honey and GFSw.

The TGA profiles of honey and GFSw were similar, with small differences coming from
the more complex composition of honey. Below 150 ◦C, the thermal profile of the tested
honey was more complex than that of GFSw, with three apparent transitions compared to
one, respectively. It was previously found that the profile in this region depends on the bee
species and varieties of honey [62,63]. The differences in this region most probably come
from the various volatiles and protein content in honey. The main transitions (between
150 and 340 ◦C) showed some difference between honey and GFSw, suggesting a higher
amount of glucose in honey than in GFSw.

The thermodynamic behavior evidenced by DSC was similar between honey and
GFSw, reflecting similar supramolecular structures, as suggested for other honey biomimetic
NaDES previously obtained [2]. The water content and water activity correlated with the
glass transition temperature (Tg) determined by DSC. The glass transition and specific
heat capacity of honey were approx. 5 ◦C and 0.3 J/(g·◦C), respectively, lower than those
of GFSw both at first cooling and first heating. Lower Tg means honey freezes harder
than GFSw, and this is correlated with the higher water activity, which assures higher
plasticity and dynamics [64]. The steeper and larger transition above 25 ◦C at first heating
and the higher ∆T (15.6 ◦C/15.4 ◦C versus 9.1 ◦C/8.9 ◦C) between the first and second
cooling/heating for honey compared to GFSw is also related to water content and water
activity. Honey loses water more easily and in higher amount than GFSw, which is reflected
in a more significant change in Tg. After water loss, the Tg order was reversed. GFSw
than had lower values than honey, which means that in the absence of water, GFSw is
more dynamic than honey. The small differences in water content and water activity also
correlate with the observation that the temperature difference between the inlet and outlet
temperature during the spray-drying process was higher for honey (70 ◦C) than for GFSw
(46 ◦C). These small variations in some properties and behavior most probably do not have
a significant effect on the AOA behavior, so we believe that our GFSw NaDES is a close
mimetic of honey, at least in this respect.

The honey-biomimetic NaDES obtained, GFSw, had a similar effect as honey on the
AOA of raspberry extract and individual polyphenols (Figures 9–11 versus Figures 1–3 and
Table 7 versus Table 3), but in the case of RE and CA honey showed, in general, a higher
tendency towards synergism and less antagonism than GFSw. We call the phenomena
observed as synergism and antagonism instead of potentiation/inhibition because both
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GFSw and especially honey present some AOA activity, although very low in the case of
GFSw, except for the CUPRAC method. For convenience of comparison between honey and
GFSw, we show the figures combined for each AOA method in Supplementary Material
Figures S7–S10. We gathered all CI values within Table 8 and codified in Table 9 the CI
value intervals as follows: 0.5–0.7 (+2, strong synergism); 0.7–0.9 (+1, moderate synergism);
0.9–1.1 (0, almost additive); 1.1–1.5 (−1, moderate antagonism); 1.5–2 (−2, moderate—
strong antagonism); >2 (−3, strong antagonism). The color code indicates that most
combinations presented similar behaviour of honey compared to GFSw.

Table 8. CI values for AOA activity from Tables 3 and 7 together.
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As can been seen in Tables 8 and 9, seven of thirty-six cases (less than 20%) were
apparently additive. From the additive ones, half had a tendency towards synergism and
half had a tendency towards antagonism. Approximately 20% of cases were clearly syner-
gistic. The majority of cases (70%) from Table 8 are either antagonistic or additive tending
to antagonistic. Most synergistic effects were seen in the DPPH and ABTS methods, but
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only at 20% inhibition (i.e., at lower concentrations of mixtures). At 50% inhibition (higher
concentrations of mixtures) DPPH and ABTS present more antagonist cases than FRAP and
CUPRAC. This dependence on mixture concentration in the case of DPPH and ABTS is
probably related to inhibition caused by honey/GFSw, which could have several explana-
tions, such as higher viscosity, too strong H-bonds and hydrophobic interactions between
NaDES and polyphenols, change of redox potential or even increased competition of the
weaker antioxidant (honey/GFSw) against the stronger antioxidant (polyphenols). From
the cases that are antagonistic, some could probably become additive or even synergistic
by modulating the honey: polyphenols ratio.

ABTS and DPPH RE differ in their behaviour with respect to the individual polyphe-
nols. While in the case of ABTS the degree of effect (either synergistic, additive or an-
tagonistic) seems to be cumulative in RE. In DPPH there seems to be an additional syn-
ergic interaction between polyphenols in mixture (extract) besides the effect induced by
honey/GFSw. In other words, the polyphenols probably synergise each other in the DPPH,
but not in the ABTS reaction.

Similar difference can be observed when comparing the two methods that gave linear
dependence on concentration (CUPRAC and FRAP), with a relatively cumulative effect in
FRAP and a polyphenol—polyphenol synergic effect that compensates for the antagonism
between honey/GFSw and individual polyphenols in CUPRAC.

All in all, the data suggest that the polyphenols synergise each other in CUPRAC and
DPPH methods, but not in FRAP and ABTS methods.

As mentioned above, for RE and CA, honey induces slightly lower CI than GFSw in
general. This could be related, on one hand, to the presence of additional polyphenols that
increase the synergism, and on the other hand to other elements present in honey that could
synergise/potentiate the reactions more. The polyphenols and/or other elements present
in honey seem to synergise CA in most of the cases, but not EP. Further investigations
are needed in order to determine the elements in honey responsible for this difference.
However, in general, our data show that honey mimetic mixtures of sugars behave similarly
to honey, especially when antagonism is present, and in some cases no other compounds
are necessary for a certain degree of synergic effect.

A recent study showed that some deep eutectic solvents based on ethylene glycol and
choline chloride (ethaline) and, respectively, betaine and citric acid (BCA) can change the
redox potential of polyphenols to lower values, and this is influenced by the composition
of the solvents [65]. Lower redox potential implies that the polyphenols are more easily
oxidized, so they have higher antioxidant capacity. Moreover, BCA was very efficient in
stabilizing polyphenols. Honey-biomimetic NaDES was previously shown to improve
the bioavailability, bioactivity and heat stability of compounds from Astragali Radix, a
traditional Chinese medicine and functional food [2]. Taken together, these data imply
that NaDES in general could modulate the AOA of polyphenols at different degrees,
which could explain the behaviour observed in our study. The exact mechanism for each
individual case remains to be established, requiring more in-depth analysis. The effect on
redox potential could be one explanation for the heterogeneous behaviour observed, which
was dependent on polyphenol type and AOA method.

Taken together, there are several possible mechanisms for the synergism/potentiation
observed in some cases: stabilisation of polyphenols, redox potential, crowding space
inducing environment by honey/GFSw, presence of enzymes in honey, multiple synergism
between polyphenols and other compounds present in honey and extract, among others.

The behaviour seen in our mixtures is characteristic for what are called complex
systems, in which unexpected behaviours manifest as a result of multiple interactions.

Some preliminary unpublished results from our group suggest that other extracts such
as propolis or sea buckthorn extracts have similar behaviour when mixed with honey, which
suggests that there are some general features that manifest independently of the extract type.
Multiple functional foods or bioproducts for different biomedical fields based on honey
enriched in extracted poplyphenols could be developed. The compositions would need to
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be optimized in order to reduce antagonism/inhibition and maximize the synergism. The
applications will depend on multiple parameters, including the sensory one mentioned
in the Introduction, but the synergic AOA will be beneficial in all cases. More work is
needed to take into consideration optimizing the extract concentrations, extract—honey
ratios, extract composition, honey type and properties and other parameters. Although
our developed product does not present synergism in all cases, it still has advantages over
simple honey, especially in the cases where hydroalcoholic supplements are forbidden.

5. Conclusions

We obtained honey enriched in polyphenols from raspberry extracts with conserved
honey characteristics and enhanced (in some cases) synergic AOA between honey and
polyphenols. The honey-biomimetic NaDES with similar properties as honey resulted
in similar AOA behavior to honey when mixed with polyphenols, but honey seemed to
have additional properties that increase synergism/reduce antagonism in some cases. The
AOA behaviour of honey—polyphenols mixtures can be influenced by the AOA method,
polyphenol type, mixture concentration and is characteristic for complex systems. The new
product can be further optimized to maximize synergism, tested for biological activities
and represents a promising functional food with enhanced AOA.
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Abstract: Kelulut honey (KH) has been proven to have excellent antioxidative and anti-inflammatory
properties with unique physicochemical characteristics. Therefore, we investigated the isolated and
combined effects of KH, metformin, or clomiphene in alleviating oxidative stress and reproductive
and metabolic abnormalities in polycystic ovary syndrome (PCOS). Female Sprague-Dawley (SD)
rats were given 1 mg/kg/day of letrozole for 21 days to induce PCOS. PCOS rats were then divided
into six treatment groups: untreated, metformin (500 mg/kg/day), clomiphene (2 mg/kg/day), KH
(1 g/kg/day), combined KH (1 g/kg/day) and metformin (500 mg/kg/day), and combined KH
(1 g/kg/day) and clomiphene (2 mg/kg/day). All treatments were administered orally for 35 days.
The physicochemical characteristics of KH were assessed through hydroxymethylfurfural, free acidity,
diastase number, moisture content, sugar profile, metals, and mineral compounds. Additionally, we
determined the semivolatile organic compounds present in KH through gas chromatography-mass
spectrometry (GC/MS) analysis. KH and its combination with metformin or clomiphene were shown
to improve the oestrus cycle, hormonal profile, and oxidative stress in PCOS rats. However, KH did
not reduce the fasting blood glucose, insulin, and body weight gain in PCOS rats. These findings may
provide a basis for future studies to discover the potential use of KH as a complementary treatment
for women with PCOS.

Keywords: kelulut honey; antioxidative; honey physicochemical properties; PCOS

1. Introduction

Kelulut honey (KH) is multi-floral stingless bee honey from Trigona spp. Over
500 species of stingless bees and 64 distinct genera have been found worldwide [1]. Sting-
less bees habituate the warm and humid forests and are often found in tropical countries.
KH is native to Southeast Asia and can be found in Malaysia, Indonesia, and Thailand.
This honey has been used traditionally as a remedy for anti-ageing and improving the
immune system in these countries. The physicochemical properties of KH are unique. It
differs from the Apis honeybees; hence, its quality should not be assessed according to
the standards of the Apis honeybees, such as Codex Alimentarius and the International
Honey Commission (2009). In addition, numerous studies have shown that stingless bee
honey does not meet the quality standards for Apis bee honey [2], and the International
Standard for stingless bee honey has still not been established. However, in 2017, Malaysia
published a quality standard for Malaysian stingless bees as quality control for marketed
stingless bee honey [3].

KH has demonstrated beneficial health effects as evidenced by numerous studies. For
example, KH is reported to have high antibacterial potency [4], chemopreventive properties
in the colorectal cancer rat model [5], and anti-inflammatory properties by protecting
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against lipopolysaccharide (LPS)-induced chronic subclinical systemic inflammation in
rats [6]. KH also prevents keloid scar formation by attenuating TGFβ-induced epithelial to
mesenchymal transition in primary human keratinocytes and improves ethanol-induced
gastric ulcers in rats [7]. Additionally, KH shows anti-obesity properties by improving lipid
and cholesterol profiles [8,9].

The most prominent property of KH is its antioxidative actions. In many settings,
KH has demonstrated excellent antioxidative activities. A previous study reported that
treatment with KH improved the oxidative damage in streptozotocin-induced diabetic
rats by increasing superoxide dismutase (SOD) activity and glutathione (GSH) levels and
decreasing the protein carbonyl (PC) and malondialdehyde (MDA) levels in the sperm
and testis of the diabetic rats [10]. Another study showed that KH could ameliorate
glucocorticoid-induced osteoporosis by reducing lipid peroxidation [11]. In LPS-induced
chronic subclinical systemic inflammation in rats, KH treatment significantly improved the
levels of oxidative stress markers such as MDA, 8-hydroxy-2′-deoxyguanosine (8-OHdG),
GSH, glutathione peroxidase (GPx), and glutathione S-transferase (GST) [6]. In fact, several
studies have found that KH possesses a higher antioxidant content than common bee honey
such as Acacia and Tualang honey [12–14]. Trehalulose, a highly active antioxidant, is one
of the discovered content in KH that is responsible for its antioxidative actions [15]. Taken
together, KH has been shown to have potential therapeutic benefits for a variety of diseases
related to oxidative stress.

Polycystic ovary syndrome (PCOS) is a complex disorder that affects the reproductive,
endocrine, metabolic, and psychological systems [16]. The anomalies of ovarian steroido-
genesis, insulin resistance, hyperinsulinism, abnormalities of gonadotrophin production,
and follicular arrest are some of the aetiologies of PCOS [17,18]. Additionally, it has been
demonstrated that low-grade inflammation and oxidative stress play a role in the aetiology
of PCOS [19–21]. Symptoms of PCOS include hyperandrogenism, anovulation, infertility,
obesity, menstrual cycle irregularities, dyslipidaemia, and hirsutism [22]. Treatment for pa-
tients with PCOS typically focuses on the symptoms, as there is yet no definitive treatment
for PCOS [23].

Medications used to treat PCOS include clomiphene citrate and metformin [24]. How-
ever, these medications are linked to a number of side effects, such as diarrhoea, vaginal and
uterine bleeding, breast discomfort, hot flashes, and abdominal pain [25]. Therefore, dis-
covering a natural supplement that could be used as a complementary treatment for PCOS
with minimal side effects is of great interest. Previously, inositol, a naturally occurring
substance found primarily in fruits, grains, and beans, was shown to be effective in treating
metabolic and reproductive disorders in PCOS women [26,27]. This finding strengthens
the potential use of nutraceuticals in treating typical symptoms of PCOS and the need for
more research to be conducted in this field. Recently, we found that KH could improve
the regulation of the oestrus cycle and ovarian histomorphological alterations in rats with
letrozole-induced PCOS [28]. In view of these promising effects, the current study aimed to
focus on the antioxidative effect of KH on letrozole-induced PCOS rats. Additionally, we
demonstrated the physicochemical properties of KH, including the semivolatile component,
to verify the quality and discover the potential beneficial compound in KH.

2. Materials and Methods
2.1. Honey Sample

Kelulut honey (KH) was gathered in Negeri Sembilan, Malaysia, by an experienced
local beekeeper. The nearby herbal plant provides nectar for the bees to collect. The
KH was kept raw at 4 ◦C in amber bottles away from heat sources and sunlight until
further analysis.
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2.2. Physicochemical Profiling of KH
2.2.1. Moisture Content

The Petri dish was weighed empty before adding 1 g of KH. The uncovered dish was
then placed in an oven at 60 ◦C for two hours. Subsequently, the dish was transferred into
a desiccator to cool it before reweighting. The heating and weighing steps continued for
another two hours in the oven until a weight change of less than 2 mg was achieved. The
moisture content was determined using the following formula:

Moisture content :
W2 −W1

W
× 100 (1)

Moisture content: W2−W1
W × 100

W2 = Weight of empty dish + sample (g)
W1 = Weight of dried dish + dried sample (g)
W = Weight of the sample (g)

2.2.2. Ash

The ash content was calculated by weighing 5 g of KH samples in a platinum dish
and heating them to a consistent weight in a laboratory furnace at 600 ◦C following the
AOAC Method 920.181 [29]. Ash content was measured in triplicate. Total ash content was
measured in triplicate and expressed as the percentage of residue left after dry oxidation
by weight (g/100 g honey), which was calculated using the following equation:

Ash(%) = [(m1 −m2)/m0] × 100 (2)

Note that m0 is the mass of the KH taken, m1 is the mass of the dish plus ash, and m2
is the mass of the platinum dish before it was calcined.

2.2.3. Free Acidity

The titrimetric method was used to determine free acidity following the AOAC Official
Method 962.19 [29]. In a 250 mL beaker, 10 g of KH sample was dissolved in 75 mL CO2-free
water. The solution was swirled with a magnetic stirrer while the electrode of the pH meter
was submerged and titrated to pH 8.5 by adding 0.05 M NaOH solution.

2.2.4. Diastase

Diastase activity was calculated according to the AOAC Official Method 958.09 [29].
A buffered mixture of soluble starch and KH was incubated in a thermostatic bath at 40 ◦C.
Subsequently, 1 mL aliquot was taken at 5 min intervals, and a Perkin Elmer Luminescence
Spectrophotometer was used to measure the sample’s absorption at 660 nm (Norwalk, CT,
USA). The diastase number was determined using the same length of time it took for the
absorbance to reach 0.235. The results were reported in Schade units per gram of honey as
the volume (mL) of 1% starch hydrolysed by an enzyme in 1 g of honey in 1 h.

2.2.5. Minerals and Metals

Determination of minerals and heavy metals was performed using inductively coupled
plasma–optical emission spectrophotometry (ICP-OES) described by Aghamirlou et al. [30].
Briefly, samples were weighed at approximately 1 g. The sample was then mixed with
10 mL of HNO3 and heated for 1 h and 30 min at 95 ◦C in a microwave. After cooling
to room temperature, 50 mL of distilled water was added, and the sample filtrate was
analysed by ICP-OES (Agilent 7500ce, Agilent Technologies Inc. Palo Alto, CA, USA).
Table 1 shows the ICP-OES operating conditions.
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Table 1. The ICP-OES operating conditions.

Nebulizer Micromist

RF generator (W) 1550
Argon flow rate (L min−1) 0.85

Nebuliser pump (rps) 0.10
Scanning condition Number of replicates 3, dwelling time 1 s
H2 flow (L min−1) 3.5
He flows (L min−1) 4.0

2.2.6. Determination of Hydroxymethylfurfural (HMF)

The method of [31] was used to determine the HMF content. A 50 mL volumetric
flask containing 0.5 mL of Carrez solution I and 0.5 mL of Carrez solution II was filled
with precisely 5 g of KH dissolved in 25 mL of water. Water was added to the flask to
make it 50 mL larger, and the resultant solution was then filtered. After discarding the first
10 mL of filtrate, two aliquots of 5 mL each were added to the test tubes. The reference tube
received 5 mL of a 0.2% sodium bisulphite solution, whereas the sample tube received 5 mL
of pure water. A UV-visible spectrometer was used to measure the solution’s absorbance
at two wavelengths, 284 and 336 nm. The equation below was used to determine the
HMF content:

HMF (mg/100 g) = (A284 − A336 ) × 14.97 × 5 (3)

Note that 14.97 was the factor, and 5 was the mass of the sample. A284 was the
absorbance at 284 nm, and A336 was the absorbance at 336 nm.

2.2.7. Sugar Profiling

The high-performance ion chromatography (HPIC)-based approach, as described
in [32], was used to profile the sugar levels in the KH samples. The amount of 200 mg of
KH was dissolved in a few millilitres of water. This solution was transferred quantitatively
into a volumetric flask, filled to the 100 mL mark with water, thoroughly mixed, and
then filtered through a 0.02 m nylon membrane filter (Whatman). The sample was then
injected into the Thermo Scientific™ Dionex™ ICS-5000+ machine and detected by an
electrochemical detector. HPIC-grade solvents were applied to a Dionex CarboPac PA20,
Analytical (3 × 150 mm) column from Thermo Fisher Scientific in Waltham, MA, USA.

2.2.8. Semivolatile Organic Compound (SVOC) Determination

Gas chromatography-mass spectrometry (GC/MS) was used for SVOC determination
on the KH sample based on modifications to the U.S. E.P.A. 8270 protocol [32]. The KH sam-
ples were extracted with 99.8% dichloromethane (GC grade, Merck, Darmstadt, Germany)
before concentrating on the minimum injection volume. The sample was injected into the
splitless inlet of an Agilent 7890B, 5977B MSD GC-MS system (Agilent Technologies, Santa
Clara, CA, USA). The carrier gas, helium, flowed at a 1.0 mL/min rate. The peaks collected
were compared with those in the NIST collection to identify the SVOCs (Gaithersburg, MD,
USA). Table 2 lists the GC and MS running circumstances.

2.3. Animal Preparation

The ethical review and approval of the study protocol were granted by the National
University of Malaysia Animal Ethics Committee (Ethical Approval Code FISIO/FP/2020/
MOHD HELMY/14-MAY/1104-JUNE-2020-MAY-2023). Female Sprague–Dawley (SD)
rats weighing 120–150 g and exhibiting at least two consecutive regular oestrus cycles
were used in this study. The experimental animals were supplied by Laboratory Animal
Research Unit (LARU), Faculty of Medicine, Universiti Kebangsaan Malaysia. Rats were
kept in individual cages, allowed to acclimate for a week, kept in an air-conditioned room
at 24 ± 2 ◦C with a 12 h light/12 h dark cycle, and provided with regular food pellets
and water ad libitum. Animals were weighed twice a week, and the oestrus phase was
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determined daily by observing vaginal smears under an Olympus BX40 light microscope
(Olympus Corporation, Tokyo, Japan).

Table 2. GC/MS parameters for the determination of SVOCs in KH.

GC Parameters

Inlet mode Splitless
Splitless time (min) 16

Carrier gas, flow, flow rate Helium, constant pressure 10 psi, 1.7 mL/min
Oven 50 ◦C, 0.1 min

Chromatographic column
30 m × 0.25 mm internal diameter × 0.5 µm film thickness

DB-UI-8270D ULTRA INERT (Agilent Technologies, Santa Clara,
CA, USA)

MS Parameters
Transfer line temperature (◦C) 300

Source temperature (◦C) 230
Ionisation mode Electron ionisation (EI)

Electron energy (eV) 70
Acquisition mode Full scan 40–650 m/z

MS Library NIST MS Search 2.2 (Gaithersburg, MD, USA)

Animal Treatment

The rats were divided into two main groups (Figure 1). The first group (normal
control group, n = 6) received distilled water throughout the study (56 days). The second
group (n = 36) was administered with 1 mg/kg/day of letrozole orally, once daily for
21 days, to induce PCOS as reported in a previous study [33]. As validated in our previous
study, PCOS was induced in all rats administered with 1 mg/kg/day of letrozole for
21 days, determined by examining the dioestrous days, blood glucose levels, and ovarian
histology [28].
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The PCOS rats (n = 36) were then randomly distributed into six experimental groups
(n = 6 per group): untreated PCOS rats that received distilled water, treatment with met-
formin (500 mg/kg/day), treatment with clomiphene (2 mg/kg/day), treatment with KH

159



Antioxidants 2022, 11, 1879

(1 g/kg/day), combined treatment with KH (1 g/kg/day) and metformin (500 mg/kg/day),
and combined treatment with KH (1 g/kg/day) and clomiphene (2 mg/kg/day). All treat-
ments were administered orally for 35 days. The doses of metformin (500 mg/kg/day)
and clomiphene (2 mg/kg/day) were based on the study by Ndeingang et al. [34]. KH
dose (1 g/kg/day) and treatment duration were determined from our pilot study [28].
Metformin is used for insulin resistance in women with PCOS, whereas clomiphene is used
to induce ovulation [24]. We designed the groups to receive metformin and clomiphene or
a combination of these drugs with KH to assess the effect of KH treatment and to investi-
gate any synergistic effect. All animals were euthanised by ketamine-xylazine overdose
(0.3 mL/100 g body weight) at the end of the 35 days [35].

2.4. Determination of Oestrous Cycle

Every day at 9:00 am, all the rats had vaginal smears taken using cotton buds dipped
in 0.9% saline. The vaginal fluid was then collected by rolling a cotton bud onto a glass
slide. Oestrous cycles were tracked until the end of the study. The cells were stained with
methylene blue and viewed under a light microscope. The smears were categorised as
one of the four oestrous cycle phases previously described [36]. A smear of the proestrous
phase has a significant number of rounded and nucleated epithelial cells. The oestrous
phase, in contrast, is characterised by smears that primarily contain irregular cornified cells
without a nucleus. Leukocytes were mainly found in the dioestrous phase and were tiny,
rounded cells without a nucleus. The metoestrous phase is characterised by having the
same ratio of leukocytes, cornified cells, and nucleated epithelial cells in a smear [36].

2.5. Determination of Fasting Blood Glucose

This test was performed before the rats were sacrificed. Rats were fasted for eight
hours, and a sample of tail blood was used to measure blood glucose using a handheld
glucometer (Accucheck performa, Roche Diagnostics, Basel, Switzerland).

2.6. Determination of Serum Hormone Levels and Insulin by Enzyme-Linked Immunosorbent
Assay (ELISA) Technique

Prior to rat sacrifice, samples of retro-orbital blood were collected in serum separator
tubes (BD Vacutainer SSTTM, Becton Dickinson, Franklin Lakes, NJ, USA). Samples were
allowed to clot at 4 ◦C before centrifugation at 3000× g for 15 min and stored at −80 ◦C
until hormonal analysis was performed.

The serum hormone levels were analysed using a competitive ELISA for oestradiol,
progesterone, and testosterone and a sandwich ELISA for follicle-stimulating hormone
(FSH), luteinising hormone (LH), and insulin. All samples were tested in duplicate accord-
ing to the manufacturer’s guidelines (Elabscience, Houston, TX, USA). In brief, reference
wells were prepared by mixing biotinylated antibody solution and reference standards.
Biotinylated antibody solution and serum samples were added to the test wells. The plate
was then sealed and incubated for 45 min at 37 ◦C. The plate washing was done with
a wash buffer and repeated thrice. Horseradish peroxidase (HRP) conjugate was added
to each well, and the plate was incubated for 30 min at 37 ◦C. Then, the plate washing
process was repeated five times. A substrate reagent was then added to each well, and
the plate was incubated for 15 min at 37 ◦C. Finally, a stop solution was added to each
well to stop the reaction, and the absorbance of the solution in the wells was immediately
measured at 450 nm using a microplate reader. Standard dilutions of known hormone
concentrations were used to create the standard curve. The produced standard curve was
used to determine the serum hormone concentrations.

2.7. Oxidative Stress Status Evaluation

Ovarian tissue lysates were prepared based on previous methods [37]. The tissues
were weighed and powdered in liquid nitrogen using a mortar and pestle. The tissue
powder was then mixed with phosphate-buffered saline (PBS; 0.1 M, pH 7.4) in a ratio
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of 1:9 (w/v), and centrifuged for 10 min at 4 ◦C. The protein concentration in the ovarian
tissue lysates was measured using the Bradford assay [38].

Levels of catalase (CAT, as U/mg protein), total superoxide dismutase (SOD, as U/mg
protein), glutathione peroxidase (GSH, as mg U/mg protein), and malondialdehyde (MDA,
as µmol/g protein) in ovarian tissues were determined using calorimetric diagnostic kits
(Elabscience, Houston, TX, USA) according to the manufacturer’s guidelines.

2.8. Statistical Analysis

The data were reported as mean ± SEM. GraphPad Software (GraphPad Inc., San
Diego, CA, USA) was used to determine the differences between the groups using one-way
ANOVA and Tukey’s multiple comparison tests. Statistical significance was defined as
p < 0.05.

3. Results
3.1. Physicochemical Profile of KH for Quality Determination

KH is a dark amber with low viscosity and has a sweet aroma with a mildly acidic
taste. The physicochemical analysis (Table 3) and sugar profile (Table 4) of KH were found
to comply with the Malaysian KH Standard [3]. Figure 2 shows the HPIC chromatogram of
the KH sugar profile. Meanwhile, the metal and mineral analyses reported here are in the
range of other studies, as shown in Table 5.

Table 3. Comparison of the physicochemical analysis of our KH and Malaysian KH Standard (Raw).

Analysis KH Malaysian KH Standard (Raw) [3]

Moisture Content 14.5 g/100 g Not more than 35.0%
Ash Content 0.1 g/100 g 1.0 g/100 g

Hydroxyl Methyl Fulfural <0.1 mg/100 g Not more than 30.0 mg/kg
Free Acidity 269 meq/kg 2.5 to 3.8 pH

Diastase Number (DN) <3 Schade Unit Not stated

Table 4. Comparison of sugar contents in KH and Malaysian Standard KH (Raw).

Sugar Analysis Value Malaysian Standard KH (Raw) [3]

Fructose 9.6 g/100 g Fructose and glucose
(sum), not more than 85.0 g/100 g

Glucose 7.9 g/100 g Fructose and glucose
(sum), not more than 85.0 g/100 g

Sucrose <0.100 g/100 g Not more than 7.5 g/100 g
Maltose 0.845 g/100 g Not more than 9.5 g/100 g
Lactose <0.100 g/100 g Not stated

Galactose <0.100 g/100 g Not stated
Total sugars 18.3 g/100 g Not stated

3.2. GC-MS Semivolatile Organic Compound Analysis

A mass spectral analysis of KH identified six semivolatile compounds (Table 6) includ-
ing 2,4-Dimethylhept-1-ene-(retention time (RT): 2.515, 2.598, 2.671 min), Tetradecane-(RT:
6.790 min), 2,4-Di-tert-butylphenol (RT: 7.369 min), n-Hexadecanoic acid-(RT: 9.405 min)
and Octadecanoic acid (RT: 10.184 min), and z-10-Octdecen-1-ol acetate-(RT: 10.972 min).
All compounds were identified by comparing their mass spectra with those found in the
NIST mass spectral library. Figure 3 shows the GC-MS spectrum of the semivolatile organic
compounds present in KH.
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Figure 2. HPIC chromatograms of the sugar profile of KH. The retention times of the identified
sugars were galactose, 8.4 min; glucose, 9.384 min; sucrose, 10.309 min; fructose, 12.250 min; lactose,
20.667 min; and maltose, 29.784 min.

Table 5. Comparison of metal and mineral contents in our KH and other analyses.

Metal and Mineral Analysis Result (mg/kg) Other Studies (mg/kg)

Calcium 361 59.513–191.9 [12,39]
Antimony <0.100 No report found

Iron 0.9 6.57–10.90 [12,39]
Arsenic <0.100 0.019 [39]

Potassium 894 370.65–732.2 [12,39]
Magnesium 40.7 10.09–33.81 [12,39]
Cadmium <0.100 0.002–0.03 [12,39]

Sodium 36.4 108.78–589.7 [12,39]
Phosphorus 15.4 0.206 [39]

Sulphur 32.8 No report found
Lead <0.100 0.154 [39]
Tin 2.89 No report found

Mercury <0.050 0.022 [39]

Table 6. Semivolatile organic compounds identified in KH.

Retention Time (min) GC-MS Semivolatile
Organic Compounds Molecular Weight (Da) Cas. No.

2.515 2,4-Dimethylhept-1-ene 126.24 19549-87-2
2.598 2,4-Dimethylhept-1-ene 126.24 19549-87-2
2.671 2,4-Dimethylhept-1-ene 126.24 19549-87-2
6.790 Tetradecane 198.39 629-59-4
7.369 2,4-Di-tert-butylphenol 206.32 96-76-4
9.405 n-Hexadecanoic acid 256.42 57-10-3

10.184 Octadecanoic acid 284.5 57-11-4
10.972 z-10-Octadecen-1-ol acetate 310.5 Not found
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3.3. Effects of KH on Oestrus Cycle and Body Weight Gain

The percentage of dioestrus days (Figure 4a) was the lowest in the normal control group
(44.94 ± 1.68%). Letrozole induction caused dioestrus days to increase significantly (p < 0.05)
in untreated PCOS rats compared with normal control rats (83.59 ± 1.95% vs. 44.94 ± 1.68%,
p < 0.05). Treatment with clomiphene (65.37 ± 2.29%), KH only (67.75 ± 2.55%), KH with
metformin (71.42 ± 1.53%), and KH with clomiphene (63.18 ± 1.78%) significantly reduced
the percentage of dioestrus days (p < 0.05) compared with the untreated PCOS group
(83.59 ± 1.95%). Meanwhile, no significant difference in the percentage of dioestrus days
was recorded among the clomiphene group, KH group, combined KH + metformin group,

163



Antioxidants 2022, 11, 1879

and combined KH + clomiphene group. Additionally, treatment with metformin alone
(78.67 ± 1.62%) did not change the percentage of dioestrus days compared with the un-
treated PCOS group.
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Figure 4. Effects of KH on (a) the percentage of dioestrus days and (b) rat body weight gain.
NC: normal control; PCOS: Untreated PCOS; M: PCOS + Metformin; C: PCOS + Clomiphene;
KH: PCOS + Kelulut honey; KH + M: PCOS + Kelulut honey + Metformin; KH + C: PCOS + Kelulut
honey + Clomiphene. * p < 0.05 significance against the normal control group, # p < 0.05 significance
against the untreated PCOS group. n = 6 per treatment group.

Meanwhile, Figure 4b illustrates the effects of KH on body weight gain. Letrozole
induction significantly increased the body weight gain in all PCOS rats compared with
the normal control group. However, no significant difference was recorded between the
untreated PCOS rats and any other treatment groups.

3.4. Effect of KH on Fasting Blood Glucose and Insulin Levels

The effect of KH on fasting blood glucose levels is shown in Figure 5a. Blood glu-
cose levels were significantly elevated (p < 0.05) in all PCOS rats compared with normal
control rats (6.45 ± 0.18 mmol/L). The untreated PCOS group had the highest blood glu-
cose (10.77 ± 0.17 mmol/L). Treatment with metformin or combined KH + metformin
significantly reduced the fasting blood glucose compared with the untreated PCOS rats
(8.42 ± 0.15 mmol/L, 8.92 ± 0.06 mmol/L vs. 10.77 ± 0.17 mmol/L, p < 0.05). We found
that treatment with KH (10.23 ± 0.08 mmol/L), clomiphene (10.28 ± 0.09 mmol/L), or
combined KH + clomiphene (10.28 ± 0.07 mmol/L) did not result in a significant reduction
in blood glucose levels compared with the untreated PCOS rats (10.77 ± 0.17 mmol/L).

Figure 5b illustrates the effects of KH on insulin levels. Insulin levels were signif-
icantly increased in all PCOS rats compared with normal control rats (p < 0.05). Treat-
ment with metformin significantly reduced the insulin level compared with the untreated
PCOS rats (53.83 ± 1.04 pg/mL vs. 71.60 ± 0.49 pg/mL, p < 0.05). Treatment with
clomiphene (68.14 ± 0.92 pg/mL), KH (68.41 ± 0.45 pg/mL), combined KH + metformin
(67.99 ± 0.43 pg/mL), or combined KH + clomiphene (68.75 ± 1.36 pg/mL) did not reduce
the insulin levels compared with the untreated PCOS rats (71.60 ± 0.49 pg/mL).
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Figure 5. Effects of KH on the (a) fasting blood glucose and (b) insulin levels. NC: normal control;
PCOS: Untreated PCOS; M: PCOS + Metformin; C: PCOS + Clomiphene; KH: PCOS + Kelulut
honey; KH + M: PCOS + Kelulut honey + Metformin; KH + C: PCOS + Kelulut honey + Clomiphene.
* p < 0.05 significance against the normal control group, # p < 0.05 significance against the untreated
PCOS group. n = 6 per treatment group.

3.5. Effect of KH on Serum Testosterone, Oestradiol, Progesterone, LH, and FSH

Figure 6a demonstrates the effect of KH on testosterone levels. Testosterone levels
were significantly elevated in untreated PCOS rats as compared with normal control rats
(2.65 ± 0.19 ng/mL vs. 1.16 ± 0.02 ng/mL, p < 0.05). The elevated testosterone level was
significantly reversed (p < 0.05) by treating the rats with clomiphene (1.12 ± 0.12 ng/mL),
combined KH + clomiphene (1.25 ± 0.08 ng/mL), metformin (1.38 ± 0.07 ng/mL), com-
bined KH + metformin (1.47 ± 0.09 ng/mL), and KH (1.54 ± 0.09 ng/mL). However,
no significant differences were recorded among the treatment groups. Meanwhile, as
shown in Figure 6b, oestradiol levels were significantly reduced in the untreated PCOS
rats compared with the normal control group (1.74 ± 0.05 pg/mL vs. 2.94 ± 0.11 pg/mL,
p < 0.05). Treatment with metformin (2.86 ± 0.19 pg/mL), combined KH + metformin
(2.96 ± 0.22 pg/mL), clomiphene (3.08 ± 0.12 pg/mL), or combined KH + clomiphene
(3.18 ± 0.07 pg/mL) significantly increased the oestradiol levels (p < 0.05) as compared
with the untreated PCOS rats (1.74 ± 0.05 pg/mL). On the other hand, treatment with KH
alone did not increase the oestradiol levels compared with the untreated PCOS rats.

As shown in Figure 6c, progesterone levels were significantly reduced in untreated PCOS
rats compared with the normal control group (2.05 ± 0.04 ng/mL vs. 4.45 ± 0.15 ng/mL,
p < 0.05). Only treatment with KH + metformin (4.40 ± 0.09 ng/mL), metformin
(4.22 ± 0.07 ng/mL), and combined KH + clomiphene (4.02 ± 0.06 ng/mL) significantly
increased the progesterone levels (p < 0.05) compared with the untreated PCOS rats
(2.05 ± 0.04 ng/mL). Treatment with clomiphene (2.41 ± 0.13 ng/mL) and KH alone
(2.44 ± 0.08 ng/mL) did not increase the progesterone levels compared with the untreated
PCOS rats (2.05 ± 0.04 ng/mL). Meanwhile, Figure 6d illustrates that letrozole induction
caused LH levels to increase significantly in untreated PCOS rats compared with the normal
control rats (22.40 ± 0.32 mIU/mL vs. 11.01 ± 0.3 mIU/mL, p < 0.05). Treatment with KH
alone (17.45 ± 0.19 mIU/mL), combined KH + clomiphene (18.48 ± 0.27 mIU/mL), and
combined KH + metformin (18.75 ± 0.43 mIU/mL) significantly reduced the levels of LH

165



Antioxidants 2022, 11, 1879

compared with untreated PCOS rats (p < 0.05). No reduction in LH levels was recorded
when the PCOS rats were treated with metformin (21.64 ± 0.27 mIU/mL) or clomiphene
alone (21.52 ± 0.26 mIU/mL). However, no changes in FSH levels were found in any
groups (Figure 6e).
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levels. NC: normal control; PCOS: Untreated PCOS; M: PCOS + Metformin; C: PCOS + Clomiphene;
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honey + Clomiphene. * p < 0.05 significance against the normal control group, # p < 0.05 significance
against the untreated PCOS group. n = 6 per treatment group.

3.6. Effect of KH on Ovarian Oxidative Stress

Figure 7a illustrates the effect of KH on catalase activity in ovarian tissues. Letrozole
induction decreased the catalase activity in untreated PCOS rats compared with the normal
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control group (1.78 ± 0.16 U/mg prot vs. 3.57 ± 0.09 U/mg prot, p < 0.05). This reduction
was significantly reversed (p < 0.05) by treatment with KH + metformin (3.43 ± 0.04 U/mg
prot), KH + Clomiphene (3.17 ± 0.05 U/mg prot), and KH alone (3.09 ± 0.03 U/mg
prot), whereas treatment with metformin (2.12 ± 0.03 U/mg prot) or clomiphene alone
(2.06 ± 0.03 U/mg prot) did not increase the catalase activity compared with the untreated
PCOS rats.
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Total SOD activity in the ovarian tissues is shown in Figure 7b. SOD activity was
found to be decreased in untreated PCOS rats as compared with the normal control group
(11.97 ± 0.12 U/mg prot vs. 21.68 ± 0.33 U/mg prot, p < 0.05). Treatment with KH
(19.11 ± 0.23 U/mg prot), combined KH + metformin (20.12 ± 0.26 U/mg prot), and
combined KH + clomiphene (19.79 ± 0.28 U/mg prot) significantly increased the total
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SOD activities (p < 0.05) compared with the untreated PCOS rats (11.97 ± 0.12 U/mg
prot). However, treatment with metformin (12.90 ± 0.23 U/mg prot) or clomiphene alone
(12.24 ± 0.14 U/mg prot) did not increase the total SOD activity compared with the un-
treated PCOS rats.

Figure 7c demonstrates the effect of different treatments on GSH peroxidase activity in
ovarian tissues. GSH peroxidase level was reduced in the untreated PCOS rats compared
with the normal control rats (59.09 ± 4.29 U/mg prot vs. 148.22 ± 5.88 U/mg prot,
p < 0.05). As in SOD and catalase analyses, treatment with KH (101.72 ± 1.39 U/mg prot),
combined KH + clomiphene (116.66 ± 3.27 U/mg prot), and combined KH + metformin
(107.76 ± 1.26 U/mg prot) significantly increased the GSH peroxidase activity (p < 0.05)
as compared with the untreated PCOS rats (148.22 ± 5.88 U/mg prot). Treatment with
metformin (67.33 ± 3.19 U/mg prot) or clomiphene alone (73.14 ± 1.33 U/mg prot) did
not increase the GSH peroxidase activity compared with the untreated PCOS group.

MDA level in the ovarian tissues (Figure 7d) was found to be significantly increased in
untreated PCOS rats (3.01± 0.09 µmol/g prot) and all the other treatment groups compared
with the normal control rats (1.21 ± 0.12 µmol/g prot). However, no differences in MDA
levels were recorded in any treatment groups.

4. Discussion

The physicochemical analysis of honey is essential for evaluating its quality and nutri-
tional content. In this study, the physicochemical findings of KH complied with the range
provided by the Malaysian Standard for stingless bee honey [3]. Our sample’s moisture
content was lower than other KH analyses [40–42], which may suggest a better shelf life.
It has been noted that the environmental conditions during harvesting and storage have
an impact on the moisture content of KH. Honey with a high water content has a greater
potential for fermentation, making its preservation and storage more challenging [43]. In
addition, the value of HMF is a commonly accepted indicator of honey freshness. In a
freshly obtained honey samples, HMF is typically absent and increases over time. HMF
is a by-product of the breakdown of simple carbohydrates, particularly fructose. The
HMF content has been reported to be affected by a number of variables, including heating,
storage conditions, honey pH, and honey adulterated with sugars [44]. We recorded a very
low value of HMF (<0.1 mg/100 g), which implies a good quality of the honey sample.

This study also revealed that KH has lower glucose and fructose values than other
analyses of KH [39,42]. However, a review by Nordin et al. that analysed stingless bee
honey physicochemical characteristics around the globe found that the range of glucose
and fructose values was between 12.5 g/100 g and 75.7 g/100 g, with which our KH sample
complies [2]. KH contains a lower sugar value than Apis sp bee honey [2]. The Malaysian
Standard for stingless bee honey has determined a value of fructose and glucose (sum) to
be not more than 85.0 g/100 g [3]. On the other hand, the mineral content of the honey is
reported to relate to its nutritional benefit and depends on its botanical and geographical
origin [39,45]. The mineral elements we reported were within the permissible values set by
the World Health Organization (WHO) [46,47]. In minimal amounts, some heavy metals
are nutritionally essential for human health. In contrast, a high concentration of heavy
metals leads to toxicity which has the potential to cause disease in humans. The poisoning
is due to these heavy metals’ inability to be metabolised by the body, thus leading to the
heavy metals being accumulated to toxic levels within the human tissues without being
degraded. Cobalt, molybdenum, and nickel are heavy metals of no biological importance
and were not detected in our sample [48].

We demonstrated the semivolatile organic compounds identified in KH, which re-
vealed six main chemical compounds, namely, 2,4-Dimethylhept-1-ene, Tetradecane, 2,4-Di-
tert-butylphenol, n-Hexadecanoic acid, Octadecanoic acid, and z-10-Octadecen-1-ol acetate.
The compound 2,4-Dimethylhept-1-ene is reported to play a role in human metabolites [49].
In contrast, tetradecane is noted as a phytochemical found in Prosopis farcta plants [50] and
almonds [51]. Furthermore, a study reported that 2,4-Di-tert-butyl phenol is an antifungal

168



Antioxidants 2022, 11, 1879

and antioxidant bioactive compound purified from a newly isolated Lactococcus sp. [52].
In comparison, n-Hexadecanoic acid was reported to have anti-inflammatory [53] and
cytotoxic properties [54]. Interestingly, octadecanoic acid or its synonym, stearic acid,
was found to inhibit tumour development in a rat mammary carcinoma model induced
by nitroso-methyl urea (NMU) [55]. Furthermore, a study comparing stearic acid with
other saturated fatty acids in human studies has confirmed that stearic acid possesses
cholesterol-lowering properties [56–58]. Another study showed that stearic acid (19 g/day)
taken by healthy males could enhance their thrombogenic and atherogenic risk factor
profiles [59]. Thus, the various health properties of semivolatile organic compounds found
in KH enhanced its nutritional and antioxidative value.

As demonstrated in our previous study [28], KH did not affect the blood glucose levels
in PCOS rats. This agrees with previous observations which found that daily intake of
KH for 30 days caused no changes in fasting blood glucose in patients who have impaired
fasting blood glucose [60]. Furthermore, we demonstrated that metformin treatment or
combining KH with metformin reduced fasting blood glucose. This was expected due
to metformin’s validated fasting glucose-lowering effect [61]. In this study, clomiphene
demonstrated no effect on fasting blood glucose and insulin levels. Meanwhile, another
study revealed that clomiphene does not improve glucose tolerance tests in PCOS rats [34].
In contrast, Emam et al. found an improvement in the fasting glucose levels of PCOS rats
with clomiphene treatment [62]. A study reported that clomiphene increases insulin-like
growth factor binding protein-1 and reduces insulin-like growth factor-I but does not
correct insulin resistance associated with women with polycystic ovarian syndrome [63].

The oestrus cycle is an expression of the female reproductive system since it reflects the
status of the ovary, uterus, and hormonal physiology. We demonstrated that KH treatment
could normalise the oestrus cycle in PCOS rats, and this effect is comparable to clomiphene.
Furthermore, the combination of KH with metformin and clomiphene showed significant
normalisation of the oestrus cycle. These results strengthen our previous finding which
revealed oestrus cycle improvement in PCOS-induced rats treated with KH [28]. Previously,
Tualang honey has been demonstrated to improve the bisphenol A-induced disruption of
the oestrus cycle [64]. Hence, KH may be explored more for its potential to enhance the
female menstrual cycle.

According to Sohaei et al., women with PCOS are overweight or obese in 38–88% of
cases [65]. Clinically significant improvements in PCOS symptoms are seen with a modest
weight loss of 5–10% [66]. In accordance with previous findings [28], our current study
showed that KH treatment for 35 days did not affect the rat body weight gain. Previously, a
study showed that six-week KH supplementation to high-fat diet-induced obese rat models
could reduce the rat body weight and BMI [8]. The difference in the duration of honey
treatment may contribute to the disparity of the findings. According to Atangwho et al., the
duration of honey supplementation determines the body weight alteration [67]. Therefore,
longer treatment duration may be needed to explore the KH effect on body weight.

Disturbance in sex steroid hormones was among the main findings in women with
PCOS and PCOS animal models [68,69]. As validated in numerous animal PCOS induc-
tion studies [68], we demonstrated increased testosterone and LH levels but decreased
progesterone and oestradiol levels with PCOS induction. However, we could not find
any changes in the FSH level. With KH treatment, the testosterone level was significantly
reversed to near normal. A similar trend was recorded in the clomiphene and metformin
groups or in the combination of KH with both drugs. In agreement with previous stud-
ies [62,70,71], metformin and clomiphene were reported to reverse the elevated testosterone
level in letrozole-induced PCOS rats. In women with PCOS, metformin causes a rapid
decrease in LH-stimulated testosterone secretion [72]. Meanwhile, another study reported
that clomiphene treatment does not affect testosterone levels in PCOS-induced rats [34].
Clomiphene possesses oestrogenic and anti-oestrogenic properties, but its exact mode of
action is yet to be known. Clomiphene stimulates the release of the gonadotropins, FSH
and LH, which leads to the development and maturation of the ovarian follicle, ovula-
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tion, and subsequent development and function of the corpus luteum, thus resulting in
pregnancy [73].

As for the LH levels, KH significantly reversed the increment induced by PCOS
induction. Interestingly, a combination of KH with clomiphene and metformin reduced
LH levels but not in clomiphene or metformin-only groups. This suggests a synergistic
effect of KH with metformin and clomiphene. Similarly, Ndeingang et al. also found that
clomiphene treatment does not affect the LH levels in PCOS rats [34]. Meanwhile, Ibrahim
et al. discovered that metformin treatment reduced LH increment in PCOS-induced rats [71].
In a previous study, six months of metformin treatment successfully reduced the LH levels
in women with PCOS [74]. The improvement in testosterone and LH levels in this study
could be explained by our previous finding in which KH ameliorated the altered cystic
follicles, antral follicles, and corpus luteum in PCOS-induced rat [28]. This improvement
of the folliculogenesis process by KH can hinder the follicular hyperandrogenism and
restore the sex steroid-related mechanism alteration in PCOS. In addition, a study proposed
that local Nigerian honey may regulate the pituitary gland by modulating the feedback
mechanism to alter the sex steroid hormonal level [75]. Meanwhile, another study also
demonstrated honey could alter the hypothalamic-pituitary-adrenal axis [76].

In this study, we demonstrated that KH did not affect oestradiol, progesterone, or FSH
levels. Serum oestradiol and FSH levels in letrozole-induced PCOS rats showed variations
in different studies, as revealed by Ryu et al. [68]. Furthermore, a study that used the same
model of letrozole-induced PCOS rats found that treatment with letrozole, metformin,
and clomiphene did not affect the FSH levels [34]. According to a report, honey could
be oestrogenic or anti-oestrogenic depending on its concentration [32,77,78]. In another
study, female rats supplemented with Tualang honey for eight weeks demonstrated no
changes in their oestradiol levels [79]. Meanwhile, other researchers have proved that
Tualang honey reduces oestradiol and progesterone levels in ovariectomised rats [80].
However, Ismail et al. found no difference in testosterone, progesterone, and oestradiol
levels with Gelam honey supplementation in ovariectomised rats [32].This may suggest
further study on the effect of honey on the sex steroid hormone. In this study, metformin
and clomiphene treatment caused oestradiol levels to increase, as similar findings have
recorded previously [34,81]. Interestingly, while KH alone did not affect the oestradiol and
progesterone levels in this study, the combination of KH with metformin or clomiphene
increased both hormones significantly. This again suggests that KH has a synergistic effect
with metformin and clomiphene.

Supplementation with KH in PCOS-induced rats significantly improved their oxidative
stress status. We found that KH significantly increased catalase, total SOD, and GSH
peroxidase activities compared with the untreated PCOS rats. In fact, higher values of
catalase, total SOD, and GSH peroxidase activities were recorded when combining KH
with clomiphene or metformin, in which treatment with the drugs alone did not improve
the oxidative stress status in PCOS rats. Meanwhile, we found that the MDA level was not
affected by KH. Our findings strengthen the findings regarding the antioxidative properties
of KH, which are recorded in two other studies demonstrating that KH increases SOD and
GSH levels in testicular oxidative damage [10] and increases SOD in an osteoporosis rat
model [11]. Another study recorded findings similar to ours, in which letrozole induction
did not alter the MDA level in rat ovaries [34]. The KH antioxidant effect is attributed to its
phenolic content as suggested in previous studies [82,83]. The positive results shown by
the KH and combination of KH with metformin or clomiphene in improving catalase, SOD,
and GSH peroxidase activities were concomitant with its effect on improving testosterone
and LH levels. This implies an interplay between the reduction of oxidative stress and
the enhancement of physiological hormonal processes manifested by the oestrus cycle
improvement seen in these groups.

Reactive oxygen species and oxidative stress markers such as SOD, glutathione per-
oxidase, and catalase have been reported to have a regulatory role in both physiologi-
cal and pathological processes of the oestrous cycle, folliculogenesis, oocyte maturation,
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ovarian steroidogenesis, and sex steroid hormone level [84–86]. Furthermore, as in our
PCOS-induced rats, GSH peroxidase activity was found to be significantly reduced in
the follicular fluid of tobacco-smoking women. In addition, GSH peroxidase activities
were higher in fertilised oocytes than in non-fertilised oocytes [87]. In another study, a
mitochondrial malfunction with reduced GSH levels and O2 consumption was found in
PCOS patients with insulin resistance [88]. Park et al. proved that the inhibition of catalase
causes DNA damage and chromosome misalignment during meiotic maturation in mouse
oocytes [89]. Meanwhile, in vitro studies demonstrated that LH could increase the mRNA
and protein levels of SOD and catalase in the bovine corpus luteum [90]. This may explain
the normalisation of the oestrus cycle, testosterone, and LH level with improvement in
SOD, glutathione peroxidase, and catalase seen with KH treatment on PCOS rats.

5. Conclusions

Taken together, our results show that KH and its combination with metformin or
clomiphene improve oxidative stress, hormonal profile, and oestrus cycle in rats with
PCOS. These results may provide a basis for future studies to discover the potential use of
KH as a complementary treatment for women with PCOS.
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Abstract: The purpose of this investigation was to determine 1H-NMR profiling and antioxidant
activity of the most common types of honey, namely, citrus honey (HC1) (Morcott tangerine L. and
Jaffa orange L.), marjoram honey (HM1) (Origanum majorana L.), and clover honey (HT1) (Trifolium
alexandrinum L.), compared to their secondary metabolites (HC2, HM2, HT2, respectively). By using a
1H-NMR-based metabolomic technique, PCA, and PLS-DA multivariate analysis, we found that HC2,
HM2, HC1, and HM1 were clustered together. However, HT1 and HT2 were quite far from these
and each other. This indicated that HC1, HM1, HC2, and HM2 have similar chemical compositions,
while HT1 and HT2 were unique in their chemical profiles. Antioxidation potentials were determined
colorimetrically for scavenging activities against DPPH, ABTS, ORAC, 5-LOX, and metal chelating
activity in all honey extract samples and their secondary metabolites. Our results revealed that
HC2 and HM2 possessed more antioxidant activities than HT2 in vitro. HC2 demonstrated the
highest antioxidant effect in all assays, followed by HM2 (DPPH assay: IC50 2.91, 10.7 µg/mL;
ABTS assay: 431.2, 210.24 at 50 ug/mL Trolox equivalent; ORAC assay: 259.5, 234.8 at 50 ug/mL
Trolox equivalent; 5-LOX screening assay/IC50: 2.293, 6.136 ug/mL; and metal chelating activity
at 50 ug/mL: 73.34526%, 63.75881% inhibition). We suggest that the presence of some secondary
metabolites in HC and HM, such as hesperetin, linalool, and caffeic acid, increased the antioxidant
activity in citrus and marjoram compared to clover honey.

Keywords: honey; antioxidant; 5-LOX; metabolomics; NMR; docking

1. Introduction

Floral honey shows compositional variety, especially in aroma and flavor, because
different plants contribute their own bioactive constituents. The fragrant white flowers
of Murcott tangarins, which are a hybrid of Citrus reticulate and Citrus sinensis [1], are
produced singly or in a cluster of up to six flowers. The flower’s oil consists mainly of
linalool, limonene, sabinene, and trans-nerolidol and is used as stomachic carminative,
antimicrobial agent, and flavoring agent [2]. The flower of marjoram (Origanum mjorana),
commonly known as “sweet marjoram”, is a perennial herb native to eastern Mediterranean
countries. Marjoram is used worldwide as a spice product. Essential oils from aerial parts
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of the plants are used in the flavor, perfumery, and pharmaceutical industries. Marjoram
is well known for its insecticidal and medicinal value with antioxidant, anticancer, and
antimicrobial activities [3,4]. Egyptian clover, Trifolium alexandrinum L., is a winter crop
widely grown in Egypt, with white or yellow flowers. Its biological activities include
antioxidant, anti-inflammatory, anticestodal, and cytotoxic activities, and it is used as a
chemoprotective agent against cancers and cardiovascular diseases [4].

Honey is a naturally sweet substance made by honey bees from floral nectar, plant
secretions, or plant-sucking bee excretions. After nectar or honeydew collection, trans-
formation by interacting with certain substances in the bee, and maturation, it is then
deposited inside the beehive. Honey is produced under different climatic conditions, but
the main ingredients in most types of honey are similar.

The process by which nectar saccharides are converted into honey in honeybees
comprises regurgitation, evaporation, and enzymatic conversion [5]. One of nature’s most
complex foods, honey is the only sweetener that can be ingested without going through a
human digestive process [6]. Honey’s energy content is primarily determined by sugars,
which account for 95% of its dry weight and are mainly composed of the monosaccharides
fructose and glucose [7]. Honey contains roughly 25 oligosaccharides in addition to the two
primary sugar components (tri- and tetra-saccharides). The characterization of the honey’s
carbohydrate profile was published in different studies [7,8]. Water makes up 12–22% of
the composition of honey. Honey’s organoleptic and nutritional qualities are characterized
by additional minor components such as organic acids, vitamins, minerals, proteins, amino
acids, enzymes, volatiles, and phenolic compounds [9].

Honey’s beneficial health effects, such as its antioxidant, anti-inflammatory, antibacte-
rial, and immune system-stimulating qualities, are due to minor components in addition to
its high nutritional value [6,10].

In addition to being a supersaturated solution of glucose and fructose, honey
contains 200 other minor metabolites typically present between 0.01 and 10 ppm [11].
Using Nuclear Magnetic Resonance (NMR) spectroscopy to analyze honey has some ben-
efits over other traditional analytical techniques such as GC and GC-MS [12,13]. These
include the simultaneous detection of multiple components, the availability of a wealth of
information in a single measurement, the high reproducibility and comparability of the
data with a high statistical confidence level, and the minimal needs for sample and pre-
processing [13,14]. In particular, the metabolomics approach based on NMR spectroscopy,
in conjunction with multivariate statistical analysis, is a potent fingerprinting tool that
has been effectively utilized for biomarker identification, origin discrimination, and food
quality control [15–17]. This approach examines metabolite profiles and finds the main
discriminating components that differentiate honey varieties. Additionally, numerous
studies demonstrated that 1H-NMR-based screening techniques are effective tools for the
quick examination of honey’s authenticity [13].

The natural antioxidant properties of honey are well recognized; it contains flavonoids,
aromatic acids, and polyphenols derived from plants. Other bioactive components such
as organic acids, amino acids, vitamins, and proteins are also present [18–20]. Esters
are essential for honey’s antibacterial and antioxidant activities [21,22]. In addition to
phenolics, honey includes enzymes with antibacterial properties, such as glucose oxidase,
diastase, invertase, catalase, and peroxidase [18,19,23]. Phenolic acids, flavonoids, vitamins,
enzymes, and a trace amount of minerals, mainly copper and iron, are thought to be
responsible for honey’s redox properties [24,25]. However, little is understood about the
antioxidant properties of honey and the metabolic processes that underlie each component,
whether through reducing power or radical scavenging activity, due to their synergistic
interactions or the additive combined action of these minor components [10].

The secondary plant metabolites that honey bees acquire with flower nectars are
thought to be responsible for honey’s health-promoting qualities. The variety of honey’s
secondary metabolites is correlated with its biological activities [26].
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Generally, several elements, including botanical, geographic, climatic, and seasonal [27],
influence the chemical composition of honey and its quality. Other variables may be ex-
ternal, such as the environment, beekeeper honey treatment practices, storage conditions,
and intentional producer adulteration [28]. Several studies have demonstrated that most
chronic diseases, including cancer, coronary artery disease, and neurological deteriora-
tion, are caused by oxidative damage. Additionally, it has been established that honey’s
medicinal efficacy is invariably linked to its antioxidant activity against reactive oxygen
species [29]. As a result, current research has concentrated on the composition of the three
types of honey and their biological capabilities, including antioxidants, as honey includes a
high concentration of free radical scavengers, which support a balance between the levels
of antioxidants and free radical production [30]. The high concentration of reducing sugars,
more than 65% in honey, such as glucose and fructose, may result in increased reduc-
ing antioxidant power in the DPPH method, resulting in a positive error in determining
antioxidant activity [29].

Oxidative stress builds up in our bodies as time passes, leading to various illnesses.
Oxidative stress may be caused by many metabolic activities within the body and outside
stimuli, such as exposure to ultraviolet radiation (UV) and pollutants in the environ-
ment [31]. Scientific investigations have shown that free radicals, DNA damage, and cell
malignancy are directly linked. Moreover, oxidative stress is involved in the formation of
type II diabetes. Because of the significant healthcare costs incurred from these disorders,
practical solutions are required to relieve the burdens on people and society. Moreover, the
extensive secondary metabolites in honey extracts give them enormous preventive and
therapeutic capabilities [32].

More research on phytochemicals has revealed many modern medications, includ-
ing those now being researched. Natural product-derived bioactive chemicals are more
effective therapeutic agents with fewer side effects than synthetics [33]. Polyphenolic
natural compounds are a focus of research in both medical supplies and nutrition. In
addition to scavenging free radicals, polyphenols may also have potent immunological
modulatory and hormone action-inhibitory properties [34]. Polyphenols are also thought
to be effective peroxyl radical scavengers, owing to the hydrogen mobility in their molec-
ular structures [21]. Among polyphenols, phenolic acids are perhaps the most abundant
in honey. Additionally, they have been observed to affect honey’s flavor and physical
appearance, most notably in the color [35].

In this study, we compared the antioxidation potentials of the three most famous
regularly used honeys in Egypt (citrus honey, marjoram honey, and trifolium honey—
HC1, HM1, and HT1) and their secondary metabolites (HC2, HM2, and HT2). Their
radical scavenging potentials were also evaluated using DPPH, APTS, ORAC, and 5-LOX.
Additionally, metal chelating activities were also determined, since many free metals have
been linked to the production of free radicals [36,37]. The most active compounds suggested
in each honey were investigated by the 1H-NMR fingerprint technique using mathematical
models correlating their presence to antioxidant activity.

In addition, compounds that might contribute to the 5-LOX inhibitory activity of
the tested honey samples were predicted depending on a series of in silico and modeling
experiments. This work is one of the few studies [38,39] in metabolomics that has attempted
to correlate the antioxidant activity of the three most famous types of honey in Egypt to
their 1H-NMR profiles.

2. Materials and Methods
2.1. Honey Preparation and Collection
2.1.1. Honey Samples

Honey samples were collected in the 2019 season from private apiaries as follows:
citrus honey (Morcott tangerine L. and Jaffa orange L.) from Wadi Almollak, Ismailia Gover-
norate, in April; marjoram honey (Origanum majorana L.) from Sawiris Al-Gali Tamiya, Fay-
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oum Governorate, in May; clover honey (Trifolium alexandrinum L.) in Mansoura, Dakahlia
Governorate, at the end of June.

2.1.2. Preparation of Reference Slides

A pollen library of all the common plant species found in the honey-producing regions
was assembled as a reference library for identifying the pollen extracted from the honey
samples. The direct method was used to create reference slides of plant pollen [40]. Fresh
plants’ flower buds under study were stripped off their anthers, then washed in an ether-
filled watch glass. The ether was decanted, and the pollen was rinsed with fresh ether and
left to dry once a ring of pollen had formed at the edge of the ether solution. After being
transferred to a microscope slide, the pollen grains were mounted in Kaiser’s glycerin jelly
and sealed with paraffin after being warmed to 40 ◦C.

2.1.3. Qualitative Analysis of Pollen in Honey Samples

The investigation was based on the idea that microscopic elements were concentrated
by centrifuging the honey that had been dissolved in water, examining the sediments, and
examining them under a microscope. The method for pollen analysis was followed as
previously described [41]. Shortly after being dissolved in 20 mL of warm distilled water
(about 40 ◦C), a sub-sample of honey (10 g) was centrifuged twice (at 2000 rpm) for 10 min.
After drying with slight heating at 40 ◦C, the entire sediment was placed on a slide and
spread over an area of 20 mm × 20 mm. Glycerin/gelatin was used to mount the sediment,
and an alcoholic solution of fuchsin was used to stain it mildly. Slides were examined
under a microscope and identified using the reference.

2.2. Multivariate and Statistical Analysis
2.2.1. Metabolites Extraction

The secondary metabolite content of honey was extracted using the solid phase extrac-
tion (SPE) technique [42]. In brief, 200 g of the available honey samples was thoroughly
mixed with 400 mL of deionized H2O and 400 mL of MeOH until completely fluid, cen-
trifuged for 10 min at 400 rpm to remove solid particles, and then dried at 40 ◦C under
reduced pressure. Additionally, 100 g of the honey samples was dissolved in 500 mL of
acid water (adjusted to pH 2.0). To enable metabolite adsorption, the solution was treated
with 100 g of amberlite XAD-LH20 resin (100 m) and gently swirled for 30 min. After
stirring, 250 mL of acidic H2O and 250 mL of deionized H2O were used to wash the resin.
To extract the adsorbed metabolites, MeOH (750 mL) was used to wash the resin. As soon
as the resin gained its previous white appearance, this step was repeated three to four
times. The methanol extract was concentrated at 40 ◦C in a rotatory evaporator (Buchi, G.
Switzerland) before being used for chemical profiling and antioxidant assays [26,43].

2.2.2. H-NMR Analysis
1H NMR (400 MHz) spectra were carried out (Bruker, Munich, Germany) using

tetramethylsilane TMS as internal standard and dimethyl sulfoxide (DMSO-d6) as a solvent.
Chemical shift values are reported in ppm. Elemental analyses were performed at the
Microanalytical Unit, Faculty of Science Ain Shams University.

2.2.3. Multivariate and Statistical Analysis

MetaboAnalyst is a web-based statistical analysis platform that considers 1H-NMR
data. A single zip file comprising the sample name, peak list (ppm), and peak intensities was
required for this investigation. The initial step in data normalization was to normalize the
raw data using Pareto scaling and the median. After that, multivariate analysis was carried
out statistically using unsupervised principal component analysis (PCA) and supervised
partial least squares–discriminant analysis (PLS-DA).
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2.3. Antioxidant Activity
2.3.1. DPPH (Diphenyl-1-picrylhydrazyl) Assay

The 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay, as outlined in [44], was used to
measure the honey samples’ efficiency in scavenging free radicals. By dissolving 2 mg
in 100 mL of MeOH, the solution (20 mg/L) was created. Then, 0.75 mL of methanolic
honey solution was added to 1.5 mL of solution in various concentrations ranging from 20
to 40 mg/mL. The absorbance was measured at 517 nm after 15 min of incubation at 25 ◦C.
The use of ascorbic acid served as a positive control. The ascorbic acid calibration curve
(10 and 50 mg/L) was used to calculate the concentration of honey sample needed to
scavenge 50% of the ascorbic acid (IC50) [45]. The experiment was conducted in triplicate,
and the following formula was used to determine the DPPH radical scavenging activity:

(Acontrol − Asample)/(Acontrol × 100) = DPPH radical scavenging activity (percent)

where Asample is the absorbance when a honey extract is present; Acontrol is the ab-
sorbance of the control reaction when a honey extract is not present.

2.3.2. ABTS Antioxidant Assay

With a few alterations noted by [46], the method of [47] was applied to assess the
free radical scavenging activity. To create the stable ABTS radical cation, the ABTS free
radical solution was created (final concentration: 7 mM/L) and incubated for 16 h with
potassium persulphate (final concentration: 2.45 mM/L). Five times more ABTS solution
was diluted to achieve an absorbance of 2.0–2.4 at 645 nm. In the concentration range of 0
to 0.125 mmol/L, a typical Trolox solution was created. Honey samples were made in water
at 1 g/mL concentration. Using a FLUOstar Omega microtiter plate reader (BMG LabTech,
Australia) set to 25 ◦C, 100 mL of ABTS solution was injected into each well of a 96-well
flat-bottomed plate. To obtain corrected values, the absorbance of sample and Trolox were
measured before and after injection of the ABTS solution. The Trolox-equivalent antioxidant
capacity (TEAC) was calculated as mol of Trolox per gram of honey using the following
equation, and used to express the antioxidant activity against free radicals.

Scavenging activity (percent) of ABTS = [1 − Ax/A0] × 100

where Ax is the absorbance of the leftover ABTS following the reaction with Trolox and
honey solution and A0 is the absorbance obtained using pure water. Trolox percent
inhibition was calibrated using a calibration curve. Micromoles of Trolox equivalents per
gram of honey (mol TE/g of honey) were used to express the results.

2.3.3. 5-Lipoxygenase Inhibitor Screening Assay

It is known that the oxidation of unsaturated fatty acids containing 1–4 diene groups is
catalyzed by lipoxygenase. The appearance of a conjugate diene at 234 nm was used to track
the transformation of linoleic acid into 13-hydroperoxy linoleic acid using a UV/visible
spectrophotometer. Rutin and nordihydroguaiaretic acid (NDGA), known to inhibit soy-
bean lipoxygenase, were employed as controls. The reaction was started by mixing 2.0 mL
of sodium linoleate (100 M) in phosphate buffer with aliquots (50 µL) of daily-prepared
lipoxygenase solution at a concentration sufficient to produce an easily quantifiable initial
rate of reaction. The enzymatic reactions were carried out in the absence or presence of an
inhibitor, and their kinetics were determined. The inhibitors were dissolved in DMSO to
the extent that an aliquot (30 µL) produced a final concentration of no more than 100 ppm
in each assay. A 30 µL aliquot of the inhibitors yielded a final concentration of no more
than 100 ppm in each assay after being thoroughly dissolved in DMSO. The initial reaction
rate was calculated using the slope of the straight-line portion of the curve and compared
to the control (30 µL of phosphate buffer (pH 9.0) instead of 30 µL of the inhibitor solution)
to determine the percentage inhibition of the enzyme activity. The concentration that
inhibited 50% of the enzyme (IC50) was established by charting the inhibition percentages
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as a function of the inhibitor concentration [48]. Each inhibitor concentration was tested
in triplicate, and the results were averaged (IC50 100 g/mL). Aqueous extracts were not
used in this study. A negative lipoxygenase assay result did not always imply that a plant
was incapable of acting as an anti-inflammatory agent. Throughout the intricate process of
inflammation, the active molecules may have impacts at additional sites [49].

2.3.4. Oxygen Radical Absorbance Capacity (ORAC) Assay

The ORAC test was created as previously reported [50]. AAPH produced free radicals
in this experiment, which caused fluorescein to oxidize and lose its fluorescence. Trolox
(5 g/mL, final concentration of 20 M) was employed as a reference, and all reagents were
made in phosphate buffer (pH 7.0). A final volume of 200 µL test solutions comprising
fluorescein (16.7 nM), honey at concentrations ranging from 1 to 10 mg/mL, and AAPH
at a concentration of 2.2 mg/mL were placed in each well of the plate reader (Ultimate
Concentration). After adding the AAPH, the plate was shaken for 5 s, and fluorescence
was observed every 60 s for 110 cycles at wavelengths of 535 and 485 nm for emission and
excitation, respectively. ORAC values were calculated using the area under the curve (AUC)
method and expressed in mol Trolox equivalent (TE)/g for all fluorescence experiments
carried out at 37 ◦C. A blank containing AAPH, fluorescein, and phosphate buffer was
provided (pH 7).

2.3.5. Determination of Metal Chelating Activity

According to previous instructions [51], metal chelating activity was assessed by
adding 0.1 mM FeSO4 (0.2 mL) and 0.25 mM ferrozine (0.4 mL) to 0.2 mL of honey extract.
The mixture’s absorbance at 562 nm was measured after 10 min of room temperature
incubation.

The metal chelating activity is calculated as (Acontrol − Asample)/Acontrol × 100,
where Asample is the absorbance in the presence of the extract, and Acontrol is the ab-
sorbance of the control reaction (without extract).

2.3.6. Statistical Evaluations of In Vitro Experiments

Each experiment was run three times to ensure accuracy and validity. The mean and
standard deviation of three different trials were shown in this example of data presentation.
GraphPad 5.0 was used to conduct statistical analysis (GraphPad Software, Inc., La Jolla, CA,
USA). Data comparison was performed using the ANOVA, where statistical significance
was found to exist when the p-value was <0.05.

2.4. In Silico and Modeling Investigation

As previously described, binding free energy estimation (∆G binding) and molecular
dynamic simulations were performed [52,53]. The Supplementary Materials file has a
detailed description of these procedures.

2.5. Identification of Isolated Compounds

The methanolic extract was fractionated by column chromatography with silica gel
eluted with chloroform/methanol gradient elution 99/1 to 1/1. The highest active fraction
(HC2) was subjected to an isolation process; three compounds were isolated and purified
by preparative TLC (8:2, v/v) chloroform/methanol.

1H-NMR spectra of isolated compounds dissolved in DMSO-d6 were determined
with 400 MHZ spectrometers.

3. Results
3.1. NMR Analysis

A range of metabolites have been identified or suggested as being responsible for the
antioxidant activity of these types of honey from the literature. 1H-NMR analysis of the
six honey samples using MestreNova revealed their metabolite profiles. We found that
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the honey samples showed more antioxidant activity than the honey extract samples. The
1H-NMR analysis indicated the presence of some minor metabolites in all three types of
honey samples (HC2-HM2-HT2), which might be responsible for antioxidant activity (gallic
acid, p-coumaric acid, quercetin, cinnamic acid, and chlorogenic acid) [54–56], and their
chemical structures are presented in Figure 1.

Figure 1. Structure of the secondary metabolites: (a) citric acid, (b) caffeic acid, (c) hesperetin,
(d) linalool, (e) gallic acid, (f) p-coumaric acid, (g) quercetin, (h) cinnamic acid, and (i) chlorogenic acid.

Linalool, hesperetin, and caffeic acid were found only in citrus and marjoram honey,
not clover honey. This could be why citrus and marjoram honey samples were more active
as antioxidants than trifolium honey [55,57–61].

On the other hand, three compounds were isolated using the column chromatography
of HC2 fraction; they were identified comparing their NMR data to the previously reported
ones. Compound 1 was characterized as caffeic acid; its 1H-NMR spectral data were in
good agreement with published data [62,63].

Since 1H-NMR spectral data of compound 2 revealed aromatic protons between
δH 6.18 and 7.66 and phenolic OH groups between δH 9.36 and 12.48, respectively, and
agreed with the literature [64,65], it was determined to be quercetin.

Compound 3 was characterized as hesperetin, as its 1H-NMR data were in agreement
with previous data [66,67].

From these data, we found that citrus honey was more active as an antioxidant then
marjoram honey, and the least antioxidant honey was clover or trifolium honey.

3.2. Multivariate Data Analysis

According to the PCA and PLS-DA multivariate analysis (Figure 2), we found that
HC2, HM2, HC1, and HM1 were clustered together at PC1 = −10,000, PC2 = −4500
(Figure 2A) and Component 1 = −1000, Component 2 = −4500 (Figure 2B), respectively.
However, HT1 and HT2 were plotted far from HC1, HM1, HC2, and HM2. There was
a disparity between HC1, HM1, HC2, HM2, and HT1 (10.7% in PCA, 13.7% in PLS-DA)
and HT2 (81.2% in PCA, 78.1% in PLS-DA). This finding indicates that HC1, HM1, HC2,
and HM2 have similar chemical compositions, while HT1 and HT2 were unique in their
chemical profiles.
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Figure 2. PCA and PLS-DA score plots of the 1H-NMR-derived data of the studied honey bee
products ((A) and (B), respectively).

3.3. Antioxidant Capacity

DPPH, ABTS, metal chelating activity, ORAC, and 5-LOX assays were used to evaluate
the antioxidant capabilities of honey extracts and their secondary metabolite samples.
Trolox, a substitute for vitamin E, resveratrol, and ascorbic acid were employed as standards.
For each gram of honey, scavenging capacity was calculated and given in micromoles of
reference standard equivalent.

3.3.1. DPPH Radical Scavenging Activity and Metal Chelating Activity

The DPPH assay was utilized to evaluate the scavenging capacity of honey sam-
ples, with ascorbic acid serving as the positive control. The unpaired electron in DPPH
reacts with a hydrogen atom provided by honey’s free radical scavenging antioxidant,
converting the purple-colored odd electron DPPH to its reduced yellow form. To determine
the scavenging ability of honey, the degree of decolorization would be determined using
a UV/visible spectrophotometer. The lower the IC50 value, the greater the capacity of
honey to scavenge radicals, as lowering DPPH requires less radical scavenging capac-
ity from honey. According to Figure 3, the most active scavenging agent is HC2 (citrus
honey secondary metabolites) with IC50 value of 2.91 µg/mL, followed by HM2 (marjoram
honey secondary metabolites), HT2 (trifolium or clover honey secondary metabolites),
HT1 (trifolium honey extract), HC1 (citrus honey extract), and HM1 (marjoram honey ex-
tract) samples with IC50 values of 10.7 µg/mL, 20.5 µg/mL, 220.43 µg/mL, 350.32 µg/mL,
and 470.42 µg/mL, respectively.

The antioxidant capacities of the secondary metabolites and honey sample extracts
were assessed in relation to various radicals (Figure 3, Table 1). The activity against the
ABTS•+ radical varied between 66.96 and 185.36 µmol TE µM/10 g Trolox and ranged
between 120.48 and 431.2 µmol TE µM/50 g Trolox. For HC2 honey, higher values
were reported. Additionally, a metal chelating test using honey extracts was evalu-
ated because excess free irons have been linked to the production and generation of
free radicals in biological systems. The six extracts showed substantial chelation activi-
ties in concentration-dependent manners, with each sample tested with a concentration
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of 10 µg/mL and 50 µg/mL (Figure 3). Both concentrations revealed that HC2 and HM2
had the strongest activity with 35.62% and 31.98% inhibition, respectively, while HT1 and
HC1 had the least.

Figure 3. (A) DPPH and (B) ABTS radical scavenging activities. (C) Trolox was used as positive
control for SBTS assay. (D) Metal chelating activities of different honey extracts. Data are reported as
mean ± SE values (n = 3).

Table 1. Free radical scavenging capacities of honey extracts measured with ABTS assay and metal
chelating activities at different concentrations on a micro-well plate.

ABTS Metal Chelating Activity

TE µM/g Trolox
TE µM/g Trolox = 36.56/250 × 1000 = 146.23 % Inhibition

Sample 10 µg/mL 50 µg/mL 10 µg/mL 50 µg/mL
HM2 113.88 ± 0.432 c 210.24 ± 1.68 c 31.98978 ± 1.475 c 63.75881 ± 0.7625 b

HT1 66.96± 1.25 a 120.48 ± 1.33 b 6.953549 ± 2.0365 a 40.21628 ± 1.2905 a

HT2 128.96± 0.458 c 224 ± o.655 c 26.50544 ± 1.598 c 60.74911 ± 0.83 b

HC2 185.36± 1.34 b 431.2 ± 2.15 a 35.62371 ± 1.3935 c 73.34526 ± 0.5475 c

HM1 111.0 ± 0.857 c 158.36 ± 0.442 b 21.51157 ± 1.71 b 46.32486 ± 1.1535 a

HC1 83.04 ± 0.612 a 214.76 ± 2.1 c 15.82658 ± 1.835 b 41.68769 ± 1.2575 a

Control 113.88 ± 0.035 c 210.24 ± 0.023 c

Means with different superscripts (a, b, c) between treatments in the same column are significantly different at
p < 0.05. Data are represented as mean ± SE values (n = 3).

3.3.2. ORAC Antioxidant Capacity and Lipoxygenase Inhibition Activity

The Oxygen Radical Absorbance Capacity (ORAC) experiment revealed that honey
samples have the following antioxidant capacities: HC2 > HM2 > HT2 > HM1 > HC1
> HT1. As shown in Table 2, honey extracts showed strong antioxidant activity due to
the secondary metabolites in HC2 and HM2, which had respective values of 259.5, 0.448
and 235.8, 1.03 molTE/g, while HC1 and HT1 had ORAC values of 209.7, 0.198 and 180,
0.672 molTE/g, respectively. As shown in Figure 4A,B, HC2 had the greatest ORAC value
of all the extracts tested, demonstrating its potential as a free radical scavenger. The
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investigated honey extracts significantly inhibited 5-lipoxygenase (5-LOX) activity in a
similar pattern; among the honey extracts, HC2 (IC50 2.293 g/mL) displayed the highest
antioxidant activity (Table 2), while HC1 (IC50 31.87 g/mL) displayed the lowest inhibition
of 5-LOX activity (Figure 4C).

Table 2. Free radical scavenging capacities of honey extracts measured with ORAC assay and
inhibition (%) of 5-lipoxygenase activity obtained. IC50 values represent the mean ± SD of three
determinations.

ORAC TE µM/L 5-LOX

Sample 10 µg/mL 50 µg/mL IC50 µg/mL ± SD

HM2 168.3 ± 0.839 c 235.8 ± 1.03 c 6.136 ± 0.4 a

HT1 101 ± 0.606 a 180 ± 0.672 a 23.36 ± 1.4 b

HT2 147.9 ± 0.0776 c 235.4 ± 0.0776 c 10.34 ± 0.6 a

HC2 150.1 ± 0.616 c 259.5 ± 0.448 c 2.293 ± 0.1 a

HM1 115.4 ± 0.175 a 226.8 ± 0.286 b 77.59 ± 4.6 c

HC1 134.7 ± 0.69 b 209.7 ± 0.198 b 31.87 ± 1.9 b

NDGA 2.696 ± 0.2 a

Means with different superscripts (a, b, c) between treatments in the same column are significantly different at
p < 0.05. Data are represented as mean ± SD values (n = 3).

Figure 4. (A) ORAC antioxidative activities. (B) TE/Trolox standard equivalent. (C) Lipoxygenase
(5-LOX) inhibition of honey extracts and their metabolites.
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3.4. Molecular Modeling Study

Several modeling and molecular simulation-based experiments were conducted to
determine which compounds might be responsible for the observed inhibitory activity
against 5-LOX. First, the structures of all identified compounds (Figure 1) were prepared
and docked inside the 5-LOX active site (PDB code: 6N2W). The resulted docking poses
for each structure were almost identical; hence, we selected the top-scoring pose for each
structure for the subsequent in silico experiment (Table 3). The purpose of the docking step
was to putatively generate the static binding mode of each structure inside the enzyme
active site. To validate the docking protocol used for the first docking step, the structure
of the reported 5-LOX inhibitor, nordihydroguaiaretic acid (NDGA) [68], was re-docked
inside the enzyme active site. The produced binding pose was almost identical to that of
the co-crystalized one with RMSD of 0.47Å.

Table 3. Docking and ∆G binding scores of the identified compounds inside the active site of 5-LOX,
along with their H-bonding and hydrophobic interactions.

Structure Docking Score
(kcal/mol)

∆G Binding
(kcal/mol)

Average
RMSD (Å) H-Bonding Hydrophobic

Interaction

Caffeic acid −7.1 −7.5 1.7 HIS-372 LEU-607
Hesperetin −7.5 −7.9 2.8 HIS-372 TRP-599, LEU-607
Quercetin −7.6 −8.4 4.0 HIS-372 TRP-599, LEU-607

Chlorogenic acid −6.1 −5.3 >5 ARG-596 TRP-599
Cinnamic acid −6.9 −4.7 >5 - TRP-599, LEU-607

p-coumaric acid −6.2 −4.1 >5 ARG-596 TRP-599
Citric acid −5.3 −3.6 >5 ARG-596, TRP-599 -
Gallic acid −4.7 −2.3 >5 TRP-599 -

Linalool −3.5 −1.1 >5 - TRP-599
NDGA * −7.9 −8.6 4.7 HIS-372, ARG-596 TRP-599, LEU-607

* NDGA is the previously reported 5-LOX co-crystallized inhibitor [68].

Second, generated binding poses from the previous step were used to estimate each
structure’s absolute binding free energy (∆G binding) inside the 5-LOX active site. This step
was carried out by conducting a series of molecular dynamics simulations (MDS) according
to the free energy perturbation (FEP) protocol [69]. The main purpose of this step was to
estimate the relative affinity of each structure towards the enzyme active site. The top three
structures (Table 3) with the lowest ∆G binding (<−7 kcal/mol) were then chosen along
with NDGA for subsequent 50 ns MDS runs to investigate their stability inside the 5-LOX
active site.

Third, caffeic acid, hesperetin, and quercetin showed the highest affinities toward the
5-LOX active site (∆G binding < −7 kcal/mol); they were then subjected to 50 ns long MDS
experiments to explore their dynamic binding stability and mode.

The most populated poses were extracted from each MDS run and are depicted in
Figure 5. The binding mode of each structure was aligned with that of NDGA to show
their degree of similarity, particularly with Fe+2 ion. Interestingly, the catechol moiety of
the three structures (i.e., caffeic acid, hesperetin, and quercetin) was aligned perfectly with
NDGA, establishing H-bonds with HIS-372 and coordinate interactions with Fe+2 ion. In
addition, only hesperetin and quercetin were able to establish hydrophobic interactions
with both TRP-599 and LEU-607.

RMSDs of caffeic acid, hesperetin, quercetin, and NDGA inside the 5-LOX active site
ranged from 1.7 Å to 4.1 Å, indicating stability over the simulation. In addition, quercetin
showed the lowest fluctuation during the MDS run, while caffeic acid showed the highest.
Overall, we could conclude from this modeling and simulation-based experiments that
caffeic acid, hesperetin, and quercetin were the potential 5-LOX inhibitors inside the honey
samples, particularly HC2, the most potent 5-LOX inhibitor, which was rich in caffeic acid
and hesperetin.
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Figure 5. Binding modes of caffeic acid, hesperetin, and quercetin inside the active site of 5-LOX
(brick red-colored structures; (A–C), respectively). Each structure with found to be aligned with
NDGA (cyan-colored structure), the reported 5-LOX co-crystallized inhibitor, at their catechol moiety.
These binding modes were extracted from the MDS runs as the most populated poses. D is the RMSD
of each structure inside the 5-LOX active site over 50 ns long MDS.

4. Discussion

From the literature, a range of metabolites have been suggested to be responsible for
the antioxidant activity of honey [26]. However, this work is one of the few studies in
metabolomics that have attempted to correlate the antioxidant activity of the three most
famous types of honey in Egypt—citrus honey (HC1), marjoram honey (HM1), and clover
honey (HT1)—compared to their secondary metabolites (HC2, HM2, HT2) by 1H-NMR
profiles, PCA, and PLS-DA multivariate analysis.

Honey’s antioxidant activity is influenced by several parameters, including concen-
tration, temperature, light, substrate type, physical system state, and the existence of
micro-components that function as pro-oxidants or synergists [70]. Additionally, it has
been proposed that honey’s organic acids, such as gluconic, malic, and citric acids, con-
tribute to antioxidant activity by chelating metals, thus enhancing the activity of flavonoids
through synergistic effects [71]. Additionally, the enzymes glucose oxidase and catalase
contribute to antioxidant action by their capacity to extract oxygen from the medium [72].
The essential elements of honey responsible for its antioxidant activity include phenolic,
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flavonoid, and carotenoid concentration, along with ascorbic acid and enzymes related to
floral capacity [29,73,74].

In this study, we focused on the secondary metabolites that may present in minor con-
centrations, such as gallic acid, p-coumaric acid, quercetin, cinnamic acid, and chlorogenic
acid, which might be responsible for antioxidant activity [54–56]. To exclude the effect of
organic acids and focus on secondary metabolites by using 1H-NMR metabolomics, six
honey samples were used from crude and prepared honey, and the analysis revealed that
their metabolite profiles have more antioxidant activities due to the presence of secondary
metabolites compared to the honey extract samples. The 1H-NMR analysis indicated the
presence of these secondary metabolites in all three types of honey samples (HC2, HM2,
HT2), whereas linalool, hesperetin, and caffeic acid were found only in citrus and marjoram
honey, not clover honey. This could be why citrus and marjoram honey samples were more
active as antioxidants than trifolium honey [55,57–61]. Moreover, using PCA and PLS-DA
multivariate analysis confirmed our result that HC1, HM1, HC2, and HM2 have similar
secondary metabolites, while HT1 and HT2 were unique in their chemical profiles, as we
found that HC2, HM2, HC1, and HM1 were clustered together; however, HT1 and HT2
were plotted far from them and each other.

The antioxidant activities of three different types of Egyptian honey (citrus, clover, and
marjoram) and their metabolites were evaluated and tested. Clover honey’s antioxidant
activity values were generally lower than those of marjoram and citrus honey [29,47,75]
based on colorimetrically scavenging activities against DPPH, ABTS, ORAC, 5-LOX, and
metal chelating activity in all honey extract samples in concentration-dependent ways.
This ideal concentration must be determined to accurately estimate the antioxidant activity
of honey types from various floral origins. On the other hand, the relative quantities of
minor chemicals, which may be essential to the antioxidant effect, may partially account for
the variations in the honey. Numerous authors showed a linear relationship between the
amount of all phenolic components and the antioxidant power of plant extracts [47,76,77].
Although their mode of action is unknown, phenolic chemicals and flavonoids are princi-
pally responsible for antioxidant activity, with minor chemical compounds [78].

It has been established that 5-LOX contributes to general cellular oxidative stress [79,80].
Accordingly, several previous reports have shown the potential of 5-LOX inhibitors in
reducing the 5-LOX-mediated elevated cellular oxidative stress, particularly in inflamma-
tory conditions [81,82], which can lead to cardiovascular, neuronal, and kidney dysfunc-
tions [79,83]. Several theories have been proposed; for example, cinnamon extract activity
was indicated as it is linked to free radical sequestration, hydrogen donation, metallic ion
chelation, or even has a role as a superoxide or hydroxyl radical substrate. The antioxidant
characteristics of these bioactive substances also interfere with propagation processes [84].

Honey’s total phenolic content is essential to correlate to its antioxidant properties. Our
current study showed a lower IC50 value by HC2 and HM2, suggesting that the sample had
more potent antioxidant properties, in agreement with several previous works [21,85]. This
showed that flavonoids, along with other honey constituents such as glucose and fructose,
could also contribute to the reducing power as one of the primary factors influencing the
honey samples’ reduction capacity. More research is needed to determine which phenolic
components are responsible for honey’s antioxidant action. Because honey is a complex
mix of many different compounds with diverse activity, the involvement of non-phenolic
chemicals, which are significant for antioxidant properties, must be examined. Honey also
contains amino acids, which have antioxidant properties. Histidine, taurine, glycine, and
alanine are a few free amino acids that have antioxidant potential [86]. The relationship
between radical scavenging activity and total phenolic content was stronger than between
radical scavenging activity and proline content [25]. Honey’s antioxidant action appears
complicated because it is connected to various substances, including enzymes, sugars, and
plant substrates.
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5. Conclusions

Our study results reveal that HC2 and HM2 possess the most potential in vitro an-
tioxidant activities. The citrus honey extract (HC2) demonstrated the highest antioxidant
activity in all assays (DPPH assay: IC50 2.91 µg/mL; ABTS assay: 431.2 at 50 µg/mL
Trolox equivalent; ORAC assay: 259.5 at 50 µg/mL Trolox equivalent; 5-LOX screening
assay/IC50: 2.293 µg/mL; metal chelating activity at 50 µg/mL: 73.34526% inhibition),
followed by HM2 extract (DPPH assay: IC50 10.7 µg/mL; ABTS assay: 210.24 at 50 µg/mL
Trolox equivalent; ORAC assay: 234.8 at 50 µg/mL Trolox equivalent; 5-LOX screening
assay/IC50: 6.136 µg/mL; metal chelating activity at 50 µg/mL: 63.75881% inhibition).

These results reveal that the secondary metabolites in HC and HM, which were identi-
fied as hesperetin, linalool, and caffeic acid, are responsible for increasing the antioxidant
activities in citrus and marjoram honey, more than in clover honey. Chromatographing of
the HC2 fraction resulted in the isolation and identification of three compounds (caffeic
acid, quercetin, and hesperetin) by 1H-NMR.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox11101880/s1, Figure S1. 1HNMR chart of Citrus honey
extract and its 2nd metabolites (H1 and Hc); Figure S2. 1HNMR chart of Marjoram honey extract
and its 2nd metabolites (H2 and HM); Figure S3. 1HNMR chart of Clover honey extract and its 2nd
metabolites (H3 and HT); Figure S4. 1HNMR chart of compound no 2: Qurcetin; Figure S5. 1HNMR
chart of compound no 3: Hesperetin; Figure S6. 1HNMR chart of compound no 1: Caffeic acid.
Refs. [87–91] in Supplementary Materials.

Author Contributions: Conceptualization, M.M., A.T.A., E.W.Z., H.M.H. and R.M.; methodology,
M.M., A.T.A., A.M.S., R.O. and M.E.R.; software, A.M.S., U.R.A. and M.E.R.; validation, R.O., M.E.R.,
H.M.H., R.M. and M.S.H.; formal analysis, M.M., A.T.A., A.M.S., U.R.A. and E.W.Z.; investiga-
tion, M.M., A.T.A., A.M.S., U.R.A. and E.W.Z.; resources, A.M.S., R.O., M.E.R., H.M.H., R.M. and
M.S.H.; data curation, M.M., A.T.A., A.M.S., U.R.A. and E.W.Z.; writing—original draft prepara-
tion, M.M., A.T.A. and A.M.S.; writing—review and editing, M.A.Z., U.R.A., R.O., M.E.R., H.M.H.,
R.M. and M.S.H.; supervision, H.M.H., R.M. and M.S.H.; project administration, R.O. and M.E.R.;
funding acquisition, R.O. and M.E.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Researchers Supporting Project (number RSP2022R431),
King Saud University, Riyadh, Saudi Arabia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and Supplementary Materials.

Acknowledgments: The authors extend their appreciation to the Researchers Supporting Project
(number RSP2022R431), King Saud University, Riyadh, Saudi Arabia for funding this research work.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Feger, W.; Brandauer, H.; Ziegler, H. Analytical Investigation of Murcott (Honey) Tangerine Peel Oil. J. Essent. Oil Res. 2003,

15, 143–147. [CrossRef]
2. Tan, F.C.; Swain, S.M. Functional Characterization of AP3, SOC1 and WUS Homologues from Citrus (Citrus sinensis). Physiol.

Plant. 2007, 131, 481–495. [CrossRef] [PubMed]
3. Gharib, F.A.; Badr, S.E.A.; Al-Ghazali, B.A.S.; Zahran, M.K. Chemical Composition, Antioxidant and Antibacterial Activities of

Lavender and Marjoram Essential Oils. Egypt. J. Chem. 2013, 56, 1–24.
4. Abdalla, M.M.F.; Abd El-Naby Zeinab, M. Inbreeding and Fertility in Egyptian Clover, Trifolium Alexandrinum. J. Pharmacogn.

Phyther. 2012, 4, 16–25. [CrossRef]
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Abstract: Phenolic acids are an important component of honey. Literature data indicate their pro-
health properties and diversified content in different varieties. Therefore, the aim of our study was to
evaluate the content of phenolic acids in bee honey. The material for the research was 49 samples of
honey obtained from beekeepers from Poland. Selected phenolic acids were determined by HPLC
with PDA detection. Additionally, total phenolic content (TPC), color intensity, color on the Pfund
scale, water content, electrical conductivity, and FRAP were assessed. A higher trans-ferulic acid
content is accompanied by a stronger free radical scavenging ability. It was shown that buckwheat
honeys are characterized by a high TPC value (196.59 mg GAE/100 g), color intensity (2109.2 mAU),
color on the Pfund scale (159.8 mm Pfund), and high activity in the FRAP assay (0.403 equivalent of
µmol Fe2+/mL). The median obtained in the DPPH test for this honey variety was 41.1%. Moreover,
the highest median of 4-hydroxybenzoic acid (3.129 mg/100 g) in buckwheat honey was shown.
Buckwheat honeys have promising antioxidant properties and should be included in diets low
in antioxidants.

Keywords: honeybee; buckwheat honey; Poland; markers; phenolic acids

1. Introduction

Bee honey is a product of very diverse composition. It includes, among others,
sugar compounds, water, proteins, organic acids, vitamins, minerals, phenolic compounds,
enzymes, and many other ingredients [1]. Honey available for sale should be properly
labeled, including, inter alia, the name of the variety. Beekeepers define a variety based on
the color, consistency, smell, taste or on the basis of observation of the plants from which
the bees collect nectar or honeydew.

Earlier publications indicate that a large percentage of honey is incorrectly labeled [2].
The classic method for determining the type of honey is the melissopalinological method,
which consists of counting pollen grains under a microscope and classifying them into
botanical species. This is a time-consuming method that requires detailed observation of the
grains. Sometimes, it is emphasized that its results are ambiguous and difficult to interpret.
Therefore, other methods of identifying honey varieties are being sought. For example, an
electronic potentiometric tongue has been developed to help identify the honey variety [3].
The nuclear magnetic resonance (NMR) method was used to distinguish between nectar
and honeydew honey [4]. Another method that can be used to identify honey varieties is
the method of fluorescence spectroscopy. It was used to distinguish, among others, acacia,
linden, and sunflower honey [5].

Other methods of honey classification are based on searching for characteristic markers
or identifying fingerprints. For example, high-performance liquid chromatography with
diode array detection and tandem mass spectrometry (HPLC-DAD-MS/MS) was used to
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distinguish between chaste honey and rape honey. The following markers were consid-
ered: ferulic acid, kaempferol, and morin. Additionally, chromatographic fingerprints at
270 nm and 360 nm were identified. The above methods were used in conjunction with
chemometric techniques [6]. An attempt to identify the honey variety on the basis of its
antioxidant properties was also undertaken by Dżugan et al. (2018). Buckwheat honey had
the strongest antioxidant properties, and rape honey had the weakest [7].

In addition, the health-promoting properties of bee honey may be conditioned by the
presence of compounds with antioxidant properties, including phenolic acids. The literature
describes many beneficial properties of bee honey, including its use in the treatment of
burns and ulcers [8], rosacea [9], acute cough [10], and bedsores [11]. HPLC is one of
the most popular methods used to determine the content of individual compounds with
antioxidant properties [12].

Phenolic substances, which are phenol derivatives, are synthesized by plants. They
are divided into simple phenols and polyphenols. Polyphenols contain more than one
hydroxyl in their molecule structure. Polyphenols can exist in free form or in combination
with other substances, such as glycosides (made of aglycone and sugar residue). Phenolic
acids include compounds derived from cinnamic and benzoic acids, including caffeic acid,
ferulic acid, p-hydroxybenzoic acid, p-coumaric acid, protocatechuic acid, syringic acid, and
vanillic acid. They can interact with biologically active molecules and protect them against
damage [13]. In addition to phenolic acids, the antioxidant properties of honey are due to,
among others, flavonoids, vitamins (such as vitamins C and E), and minerals (including
zinc and manganese) [1]. For example, the literature data indicate that the most common
flavonoids in acacia honeys are: apigenin, chrysin, galangin, genistein, kaempferol, luteolin,
myricetin, pinobanksin, pinocembrin, and quercetin. Those characteristic of manuka honey
are: chrysin, galangin, isorhamnetin, kaempherol, luteolin, pinobanksin, pinocembrin, and
quercetin [14].

Therefore, the aim of the research was to assess whether selected phenolic acids can
be a marker of individual varieties of honey from Poland, as well as to correlate the content
of these acids with selected parameters determining the quality of the honey, such as color
scale, color intensity, total phenolic content, water content, electrical conductivity, and %
free radical scavenging in DPPH assay.

2. Materials and Methods
2.1. Materials

The research material consisted of 49 samples of natural bee honeys: buckwheat
(n = 15), linden (n = 9), multi-flower light (n = 3), dandelion (n = 4), nectar–honeydew
(n = 4), rape (n = 8), honeydew (n = 3), and heather (n = 3). Honey was purchased in Poland;
each sample was made by a different beekeeper. Until analysis, the honeys were stored at
4 ◦C.

All solvents were HPLC grade, and all chemicals were analytical and reagent grade.
Formic acid (min. 98%) was obtained from Merck (Darmstadt, Germany). Methanol was
purchased from J.T. Baker (Avantor, Gliwice, Poland).

Ultrapure water was obtained from Simplicity™185 Water Purification System (Merck
Millipore, Darmstadt, Germany).

HPLC standards of polyphenols such as: 3,4-dihydroxybenzoic acid (3,4-DHBA),
4-hydroxybenzoic acid (4-HBA), caffeic acid (CA), p-coumaric acid (p-CA), syringic acid
(SA), trans-ferulic acid (t-FA), vanillic acid (VA), and reagents for determining the total
content of phenolic compounds (Folin–Ciocalteu reagent, Na2CO3) were obtained from
Sigma–Aldrich (St. Louis, MO, USA). Individual stock solutions of each analyte and a
mixture of them were prepared in methanol.
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2.2. Methods
2.2.1. Identification of the Varieties of Honey

The classification of variety was made on the basis of melissopalinological analysis, in
accordance with the Regulation of the Minister of Agriculture and Rural Development [15].
From each honey, 10 g was weighed in a centrifuge tube, supplemented with 50 ◦C water to
20 mL, mixed, and centrifuged for 10 min at 3000 rpm. The precipitate was decanted, water
was added again, and centrifuged. When the sediment was about 0.1 cm, a layer of water
of about 0.5 ml was left above it, and when it was about 0.3 cm - a layer of about 1 ml of
water was left, a homogeneous suspension was obtained and applied to a microscope slide.
At least two microscopic preparations were made of each honey, in which pollen grains
were classified to botanical varieties. On the basis of the grains present in the greatest
predominance in given bee honey, each was given a variety name.

2.2.2. Determination of Water Content

Honey in an amount of 5 g was weighed into a test tube, closed with a stopper, and
placed in a water bath from 45 ◦C until brought to a liquid state. Then, a few drops of
honey were placed in the refractometer, and the refractive index was read. In the case of
temperatures above 20 ◦C, the factor was increased by 0.00023/1 ◦C, and in the case of
temperatures below 20 ◦C, it was reduced in a similar manner. Then, the water content was
read from the table in the Regulation. For each honey, at least 2 determinations were made.
The results are expressed in % [15].

2.2.3. Determination of Electrical Conductivity

Based on the water content of each honey, the amount to be weighed was calculated
according to the following formula:

M =
20 g × 100

MS
,

where:
M—the mass of honey to be weighed (g),
MS—dry matter content, calculated as the difference between 100% and the water

content, expressed as %.
The honey was weighed out and made up to 100 mL with distilled water. The

conductivity cell was rinsed with the sample, and a honey solution (40 mL) was placed in a
water bath at a temperature of 20 ◦C; when the temperature of the solution was 20 ◦C, the
electrical conductivity was measured. The electrical conductivity of honey was calculated
according to the formula:

S = K × G, where :

SH—specific conductivity of honey (mS × cm−1),
K—constant of the conductivity cell (cm−1),
G—conductivity (mS).

2.2.4. Determination of Color Intensity

In order to determine the color intensity, 5 ± 0.001 g of honey was weighed, and water
at 45 ◦C temperature was added at a volume of 10 g and mixed thoroughly. The solution
was then sonicated and filtered through a 0.45 µm filter. The absorbance of the solutions
was measured at 450 and 720 nm. The final result was the difference in absorbance at
the two wavelengths, expressed in mAU. For each sample, three determinations were
performed, and the final result was the mean result [16].

2.2.5. Determination of Color on the Pfund Scale

To determine the color of natural bee honey using the Pfund scale, 5 ± 0.001 g of
sample was weighed, the samples were each dissolved into 10 mL of distilled water, and
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they were mixed well. The samples were then placed in a water bath at 50 ◦C to dissolve
the sugar crystals. After obtaining a clear solution, absorbance was measured at 635 nm
against distilled water. The Pfund color scale was calculated using the formula:

mm Pfund = −38.70 + 371.39 × Absorbance.

The final result is the average of three measurements [17].

2.2.6. Determination of Total Phenolic Content (TPC)

The total content of phenolic compounds was determined by reaction with the Folin–
Ciocalteu reagent [18]. A calibration curve was prepared using a gallic acid working
solution with a concentration of 2 g/L. A 1 ± 0.001 g sample was taken from each honey.
Honey was dissolved in distilled water to a volume of 10 mL and then centrifuged at
2000 rpm for 5 min. Next, 0.25 mL of supernatant was collected; then, 1.25 mL of 0.2 N
Folin–Ciocalteu was added, and the sample was stirred for 5 min. Next, 1 mL of Na2CO3
solution was added, mixed, and incubated in the dark at room temperature for 2 h. The
contents of each tube were then mixed, and the absorbance at 760 nm against water was
measured using a Hitachi U-2001 spectrophotometer. The results are presented as the mean
of 3 determinations, in mg gallic acid/100 g honey.

2.2.7. Determination of Radical Scavenging Activity by DPPH Assay

The ability of bee honeys to scavenge radicals was performed on the basis of the
method described by Sánchez-Moreno et al. [19]. Bee honeys were dissolved in distilled
water to obtain a concentration of 1 g/mL. In total, 200 µL was taken, and 1800 µL of a
DPPH solution with a concentration of 0.04 mg/mL was added. The absorbance at 517 nm
was measured with a spectrophotometer U-2001 (Hitachi, Tokyo, Japan). The samples
were then incubated at room temperature, protected from light, for 30 min. After the
incubation period, the absorbance was measured again. The % of free radical scavenging
was calculated:

DPPH [%] =

[
A0 − A30

A30

]
× 100%,

where A0 is the absorbance at time 0, and A30 is the absorbance over 30 min.

2.2.8. Determination of FRAP

To perform the FRAP test, the FRAP reagent was prepared (2.5 mL of a 10 mM
TPTZ solution in 40 mM HCl, 2.5 mL of 20 mM FeCl3, and 25 mL of 0.3 M acetate buffer
pH 3.6) [20].

To 20 µL of honey solution, 180 µL of FRAP reagent was added, and the mixture was
incubated at 37 ◦C for 10 min. The absorbance of the mixture was then measured at 593 nm
with a plate reader (UVM 340, Biogenet, Józefów, Poland). The results are presented as the
equivalent of µmol Fe2+/mL of the sample [20].

2.2.9. Preparation of Samples for HPLC Analysis–Isolation of Phenolic Compounds

Honey samples (5 g) were dissolved in 50 mL of water (adjusted to pH 2 with HCl)
until completely fluid. This solution (50 mL) was then filtered through a Sep-Pak C18
cartridge (tube type SPE, Supelclean LC-18 SPE Tubes 3 mL/500 mg, Supelco Analytical,
Bellefonte, PA, USA), which was previously activated with methanol (10 mL) followed by
water (10 mL). The phenolic compounds were retained on the column, whilst all sugars
and other polar compounds were eluted with water, and then polyphenols were eluted
with 2.5 mL of a methanol–water mixture (70%, v/v) in order to validate the efficiency of
extraction SPE and similar activities dealing with standards.

Phenolic fractions in methanol evaporated under reduced pressure (22 ◦C). The residue
was redissolved in a mixture of distilled water and HPLC-grade methanol, in proportions
such as phase (22.5 MeOH parts: 76.5 H2O parts: 1 CH3COOH parts). The prepared sample
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was analyzed by HPLC with photodiode array (PDA) detection. The applied extraction
method enabled recovery values for analyzed compounds of higher than 85%.

2.2.10. HPLC Analysis

HPLC analyses of honey extracts were performed using an Flexar HPLC system
(Perkin Elmer, Waltham, MA, USA) with a photodiode array detector (PDA) and us-
ing Chromera LC-PDA software (Perkin Elmer, Waltham, MA, USA). Separations were
carried out with reversed-phase column Synergi 4 µm C-18 (Merck, Darmstadt, Ger-
many; 250 × 4.60 mm, particle size 4 micron, 80A), SecurityGuard Cartridges Fusion-RP
4 × 3.0 mm ID. A mobile phase of 22.5 MeOH:76.5 H2O:1 CH3COOH was used; a constant
solvent flow rate (1 mL/min) was applied. The total analysis time was 50 min. An isocratic
separation method was used using the mobile phase (22.5 MeOH:76.5 H2O:1 CH3COOH).
The temperature of the column oven was set at 25 ◦C. The phenolic acids were detected at
254, 265, and 326 nm, since the most honey phenolic compounds show their UV absorption
maxima around these three wavelengths. The comparison of UV spectra and retention
times with standard compounds enabled the identification of phenolic acids presented
in the analyzed honey extracts. These compounds were quantified against their external
standards. The injection volume was 20 µL.

Each sample was analyzed three times, and the method was proved by repeata-
bility test by determining peak area and retention reproducibility for different classes
of compounds.

Table 1 presents data on the optimization of the method, including LOQ (limit of
quantitation) and LOD (limit of detection).

Table 1. Characteristics of the developed method.

Compounds RT LOD (mg/100 g) LOQ (mg/100 g)

3,4–DHBA 9.183 0.099 0.300
4–HBA 16.570 0.092 0.278

VA 20.284 0.089 0.271
CA 21.756 0.106 0.322
SA 23.886 0.147 0.445

p–CA 40.572 0.138 0.418
t–FA 50.040 0.084 0.255

3,4–DHBA—3,4-dihydroxybenzoic acid, 4–HBA—4-hydroxybenzoic acid, CA—caffeic acid, LOD—limit of detec-
tion, LOQ—limit of quantitation, p–CA—p-coumaric acid, RT—retention time, SA—syringic acid, t–PA—trans-
ferulic acid, VA—vanillic acid.

The concentrations of 4-HBA, VA, and t-FA were read at 254 nm and 3,4-DHBA
at 265 nm. However, the 326 nm wavelength was the best to read for CA, p-CA, and
SA. During the optimization of the chromatographic conditions, the necessary quality
parameters of the method were taken into account, including retention factors, relative
retention factors, and resolution. The resolution of the compounds was 1.5 and above, with
the exception of 3,4-DHBA, where the average resolution was 1.0–1.3.

2.2.11. Statistical Analysis

Statistical analyses were performed using Statistica v.13.3 software. Values of p < 0.05
were considered significantly different. The correlation between all the measured parame-
ters was evaluated using Spearman’s correlation coefficient.

In order to compare the values for several independent groups the Kuskal–Wallis
ANOVA tests were performed.

Chemometric analyzes were also performed, including cluster analysis (CA) and
principal component analysis (PCA). In the CA, agglomeration was chosen as the method
of grouping. The agglomeration method is single bond, and the distance measure is
Euclidean distance.
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3. Results
3.1. Varieties of Bee Honey

The first analytical step was to assess whether the marking of honey by beekeepers
was correct in order to correctly identify the compounds present in the tested honey at
a later stage. We have shown that three of the honeys labeled as ‘buckwheat’ were of a
different type. None of the dandelion honeys were of this variety. Among linden honeys,
an incorrect declaration of variety was found in over 56% of the honey samples. Among
nectar–honeydew honeys, one out of four samples should be marked differently (Table 2).

Table 2. The percentage of honey with the correct and incorrect definitions of the variety.

Variety–Declarations of
Beekeepers

The Number of Attempts
Correctly Classified

The Number of Attempts Is
Classified Incorrectly

buckwheat (n = 15) 12 3
dandelion (n = 4) 0 4

heather (n = 3) 3 0
honeydew (n = 3) 3 0

linden (n = 9) 4 5
multi-flower light (n = 3) 3 0
nectar–honeydew (n = 4) 3 1

rape (n = 8) 8 0

Figure 1 shows pictures of pollen grains characteristic of buckwheat honey (Figure 1a),
for heather honey (Figure 1b), for linden honey (Figure 1c), and for rapeseed honey
(Figure 1d).

Figure 1. Pollen grains from honey plants: (a) Fagopyrum esculentum Moench, (b) Calluna vulgaris (L.)
Hull, (c) Tilia L., (d) Brassica napus L. var. napus.

3.2. Selected Quality Parameters

Selected quality parameters examined as part of the quality assessment and the search
for markers of honey from Poland are determination of the color of honey on the Pfund
scale, determination of the color intensity, total phenolic compounds (TPC), water content,
and electrical conductivity (Table 3).

We showed that buckwheat honeys were characterized by the highest color value on
the Pfund scale (median: 159.8 mm Pfund)—this value was significantly higher compared
to the color of linden (44.9 mm Pfund), multifloral light (37.4 mm Pfund), and rape honey
(84.8 mm Pfund). A similar tendency was observed for the determination of color intensity:
buckwheat honey (2109.2 mAU) had the highest median. Honey of this variety was also
characterized by the highest TPC value (196.59 mg GAE/100 g), as well as the highest
activity in the FRAP test (0.403 equivalent of µmol Fe2+/mL). Interestingly, honeys of this
variety have the ability to scavenge free radicals by about 41.1%. Honeydew honeys, on
the other hand, showed the highest specific electrical conductivity (1.181 mS × cm−1),
significantly higher than that of rape honey (0.242 mS × cm−1).
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3.3. Profile of Phenolic Acids and the Variety of Honey

HPLC analysis showed the presence of seven phenolic compounds in honey from
Poland: CA, p-CA, 3,4-DHEA, t-FA, SA, VA, and 4-HBA.

Figure 2 shows the chromatograms for standard substances at three wavelengths:
254 nm, 265 nm, and 326 nm.

Figure 2. Chromatogram of the analyzed phenolic acid standards.

The calculated levels of individual identified phenolic compounds in analyzed honey
are shown in Table 4. The ANOVA analysis of variance showed differences in the con-
tent of individual phenolic acids between the groups. Each of the varieties of honey is
characterized by a high or low content of a specific phenolic compound.

It has been shown that the content of individual phenolic compounds for varieties
of honey is characteristic. 3,4-DHBA was the highest median in linden (1.993 mg/100 g)
and buckwheat (1.421 mg/100 g) honey. The next compound, 4-HBA, was characteristic
for buckwheat (3.129 mg/100 g) and mulitfloral dark (1.934 mg/100 g) honey. The other
determined phenolic acids such as CA, VA, SA, and t-FA were of highest value in linden
honey (1.746, 0.304, 1.107, 1.954 mg/100 g, respectively). Moreover, p-CA was of a similar
level to buckwheat (0.804 mg/100 g) and mulitfloral dark (0.789 mg/100 g) honey (Table 4).

In buckwheat honey, the highest median of 4-HBA was found—this value was sig-
nificantly higher than that of the content in linden, multifloral light, nectar–honeydew,
and rape. This indicates that the above compound can be considered a marker of the
authenticity of buckwheat honey.

Another analyzed compound was 3,4-DHBA. Our study showed that linden honey
had a significantly higher content of this phenolic acid than rape honey and CA compared
to buckwheat honey.

Among the determined compounds, no characteristic concentrations were found for
heather, honeydew, multifloral, nectar–honeydew, and rape honeys.
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3.4. Correlations

The analysis of the correlation (Table 5) between the content of phenolic compounds
in honey showed a strong relationship between the content of 4-HBA and p-CA (r = 0.82,
p < 0.000), between VA and SA (r = 0.60, p < 0.001), and between SA and CA (r = 0.51,
p < 0.000). Among the remaining parameters, the correlation between color intensity and
TPC (r = 0.90, p < 0.001), and color in Pfund scale and color intensity (r = 0.82, p < 0.001)
should be emphasized. Additionally, it is worth noting the correlation between color
intensity and 4-HBA (r = 0.84, p < 0.000).

Table 5. Correlations between individual parameters (p <0.05).

Parameter 1 Parameter 2 r p

Color in Pfund scale Colour intensity 0.82 0.001
Color in Pfund scale TPC 0.77 0.001
Color in Pfund scale Diastase number 0.51 0.001
Color in Pfund scale 3,4-DHBA 0.75 0.001
Color in Pfund scale SA −0.33 0.021
Color in Pfund scale p-CA 0.51 0.001
Color in Pfund scale t-FA −0.57 0.001
Color in Pfund scale CA −0.45 0.001

Colour intensity TPC 0.90 0.001
Colour intensity Diastase number 0.51 0.001
Colour intensity Water 0.33 0.020
Colour intensity 4-HBA 0.84 0.001
Colour intensity VA −0.39 0.005
Colour intensity SA −0.45 0.001
Colour intensity p-CA 0.68 0.001
Colour intensity t-FA −0.52 0.001
Colour intensity CA −0.46 0.001

DPPH Water −0.37 0.008
DPPH p-CA −0.35 0.01
DPPH t-FA 0.45 0.001
TPC Diastase number 0.58 0.001
TPC 3,4-DHBA 0.33 0.020
TPC 4-HBA 0.79 0.001
TPC VA −0.30 0.038
TPC p-CA 0.60 0.001
TPC t-FA −0.57 0.001
TPC CA −0.31 0.001

Diastase number 4-HBA 0.56 0.001
Diastase number p-CA 0.55 0.001

Water Electrical
conductivity −0.37 0.009

Water 4-HBA 0.31 0.026
Water VA −0.37 0.009
Water p-CA 0.32 0.023
Water CA −0.36 0.011

Electrical conductivity 3,4-DHBA 0.40 0.005
Electrical conductivity VA 0.29 0.040
Electrical conductivity CA 0.42 0.002

FRAP Colour in Pfund scale 0.68 0.001
FRAP Colour intensity 0.82 0.001
FRAP TPC 0.82 0.001
FRAP Diastase number 0.50 0.001

FRAP Electrical
conductivity 0.38 0.008

FRAP 3,4-DHBA 0.53 0.001
FRAP 4-HBA 0.73 0.001
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Table 5. Cont.

Parameter 1 Parameter 2 r p

FRAP p-CA 0.58 0.001
FRAP t-FA −0.38 0.006

3,4-DHBA SA 0.30 0.034
3,4-DHBA CA 0.37 0.009

4-HBA SA −0.29 0.040
4-HBA p-CA 0.82 0.001
4-HBA t-FA −0.46 0.001
4-HBA CA −0.36 0.011

VA SA 0.60 0.000
VA p-CA −0.32 0.024
VA CA 0.60 0.001
SA p-CA −0.31 0.028
SA CA 0.51 0.001

p-CA t-FA −0.30 0.038
p-CA CA −0.29 0.040
t-FA CA 0.47 0.001

3,4-DHEA—3,4-dihydroxybenzoic acid, 4-HBA—4-hydroxybenzoic acid, CA—caffeic acid, p-CA—p-coumaric
acid, SA—syringic acid, t-FA—trans-ferulic acid, TPC—total phenolic content, VA—vanillic acid.

It should be emphasized that we noted a positive correlation between the % of free
radical scavenging in DPPH assay and the t-FA content (r = 0.45, p < 0.001).

3.5. Chemometric Analyzes

Cluster analysis performed for variables showed groups that are similar. One group
was p-CA and 4-HBA, while the other group was t-FA, CA, SA, VA, and 3,4-DHBA
(Figure 3).

Figure 3. Cluster analysis for variables.

The analysis carried out for the cases, based on the contents of phenolic acids, mainly
distinguished honeydew honey. The focus on linden honey is also worth emphasizing.
Multiflower dark honeys have also qualified for the group containing buckwheat honey
(Figure 4).
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Figure 4. Cluster analysis for cases. B—buckwheat honey, HE—heather honey, HO—honeydew
honey, L—linden honey, MD—multifloral dark honey, ML—multifloral light honey, NH—nectar–
honeydew honey, R—rape honey.

Then, principal components analysis (PCA) was carried out, the purpose of which
was to reduce the variables and classify the honey varieties. The first main component
accounted for 43.84% of the variance; the second, 17.31%; the third, 14.45% (total 75.60%);
and the subsequent components less than 10% of the variance.

On the basis of the eigenvectors, it can be assessed that factor 1 is related to the
following components: p-CA (0.44), 4-HBA (0.41), SA (−0.46), and CA (−0.47). The second
component is related to 4-HBA (0.54) and p-CA (0.50), and the third component 3,4-DHBA
(−0.79). Figure 5 shows 2W plots of factor coordinates of the variables. Points are significant
factor loadings for individual components. The farther a given load is from the center of
the circle, the greater the correlation of the variable with the factor axis. Figure 6 present
2W plots of cases depending on the phenolic acids.
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Figure 6. Projection of cases depending on the phenolic acids in a two – factor plane: factor 1 × factor
2 (a), factor 1 × factor 3 (b), factor 2 × factor 3 (c).

4. Discussion

Natural bee honeys are characterized by a very rich composition, which determines
their health-promoting properties. We have made an attempt to search for compounds that
are characteristic of honey obtained in Poland. For rape, multifloral, nectar–honeydew,
and honeydew honey, no characteristic phenolic compounds were found that could be
considered determinants of the authenticity of these varieties.

Taking into account other quality criteria, honeydew honeys are distinguished by
having the highest median of electrical conductivity (1.181 mS × cm−1).
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Multifloral honeys are characterized by a complex composition, without the dominant
presence of one plant, which may result in the lack of advantage of a specific phenolic acid.

In addition, for rape honey, it may be necessary to establish a method with other
acids. Moreover, rape honeys show the lowest electrical conductivity—the median was
0.242 mS × cm−1.

Buckwheat honeys from Poland show the darkest color, which results in the highest
color value on the Pfund scale (median: 159.8 mm Pfund), the highest color intensity
(2109.2 mAU), and the highest total phenolic content (196.59 mg GAE/100 g). Moreover,
in these honeys, we showed the highest medians of 4-HBA (3.129 mg/100 g) and p-CA
(0.804 mg/100 g). The studies conducted by Starowicz et al. (2021) [21] showed a lower
value of TPC in honey of this variety (average: 141.1 mg GAE/100 g), while our research
allowed us to conclude that the average value of this parameter is 182.60 ± 61.08 mg
GAE/100 g.

Heather honeys were characterized by the highest median of one of the determined
phenolic acids: SA (0.852 mg/100 g). Research by Ecem Bayram et al. (2020) [22] indicated
that 3,4-DHBA is a characteristic compound for this variety of honey. SA was a relatively
abundant compound (193.77 and 242.33 mg/L). TPC in this variety, in line with our results,
was 91.78 ± 4.25 mg GAE/100 g, while the results published by Starowicz et al. (2021) [21]
indicated a much higher content, at the level of 159.2 mg GAE/100 g.

Linden honey, despite the low content of phenolic compounds (27.50 mg GAE/100 g),
was surprisingly characterized by high contents of 3,4-DHBA (1.993 mg/100 g), CA
(1.746 mg/100 g), SA (1.107 mg/100 g), VA (0.304 mg/100 g), and t-FA (1.954 mg/100 g).
Dimitrova et al. (2007) [23] determined the content of, inter alia, phenolic acids in 49 honey
samples. In the case of linden honey (n = 4), the authors provided only the maximum
value of CA—this was 1.57 mg/kg. Our analysis showed about a 10 times higher content
of this ingredient, at the level of 1.679 ± 0.338 mg/100 g, and the maximum value was
1.998 mg/100 g. The research carried out on linden honey from Turkey showed a character-
istically high CA content (642.94 mg/L) [22], which was consistent with our observations
(1.679 ± 0.338 mg/100 g). The content of SA was indicated only as of the maximum value
(0.29 mg/kg)—in our study, the average content was 1.085 ± 0.276 mg/kg. The average
VA content in honey of this variety was indicated by the authors at the level of 1.19 mg/kg,
while our research indicated a value almost two times higher (0.312 mg/100 g). These
results are slightly divergent due to the fact that the apiaries from which the honey was
obtained differed in geographical location—in the case of Dimitrova et al. (2007) [23], these
were honeys from producers from Denmark, France, Germany, Italy, the Netherlands, Por-
tugal, United Kingdom, and Spain, while in our study, all honeys were from Poland. Our
analyses also show the existence of many dependencies between the measured phenolic
acids, as well as other quality parameters. A high positive correlation between the contents
of VA and SA and between SA and CA may indicate the common presence of individual
phenolic acids in nectar, which is particularly visible in the case of linden honey.

The content of phenolic acids such as 3,4-DHBA, 4-HBA, VA, SA, p-CA, FA, CA in
buckwheat and heather honey from Poland can be compared with the results obtained by
Jasicka-Misiak et al. in 2012 [24], including heather (n = 15) and buckwheat honey (n = 7).
In this study, similar contents of 3,4-HBA were obtained: our research showed the content
of this compound at the level of 1.403 ± 0.419 mg/100 g, while Jasicka-Misiak et al. [24]
showed a level of about 1.228 mg/100 g (average content based on the determination of
seven samples). The average VA content found in our study was approximately 10 times
lower than in the study published by Jasicka-Misiak et al. [24]. The content of CA and SA
in heather and buckwheat honey is low, in some cases below the detection limit, which is
confirmed by both our research and the above-mentioned team of authors. According to our
determinations, the p-CA content in buckwheat honey ranged from 0.558 to 1.004 mg/100 g,
while the results obtained by Jasicka-Misiak et al. [24] were more divergent and indicated
contents of 0.026 to 4.551 mg/100 g, and their average was almost three times higher.
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Buckwheat honey show the highest value of the TPC parameter. Numerous scientific
publications indicate their rich composition; they are characterized, among others, by the
presence of many volatile compounds, such as the occurrence of i.a. isovaleric acid in honey
of this variety [25].

Searching for biomarkers of honey varieties is a task that has been carried out for
over a dozen years [26]. For example, Cabras et al. (1999) [27] showed that the marker for
strawberry honey is 2,5-dihydroxyphenylacetic acid, called homogentisic acid. Its content
is around 378 ± 92 mg/kg. On the other hand, studies characterizing heather honey from
Poland showed the presence of a less common compound: 4-hydroxy-3-(1-methylethyl)
benzaldehyde [28]. Lumichrome is indicated as a honey marker for polish yellow sweet
clover [29].

Literature data show that the phenolic acids contained in honey can penetrate lym-
phocytes and protect DNA from oxidative damage by scavenging hydrogen peroxide and
chelating ferrous ions, as shown in studies on mice [30].

Single phenolic acids show very promising activities. For example, ferulic acid has
been shown to have anti-inflammatory properties [31] and potential anti-cancer proper-
ties [32], protocatechuic acid has anti-viral properties [33], and p-coumaric antidiabetic and
antihyperlipidemic properties [34]. The above examples show that bee honey, being a mix-
ture of many compounds with antioxidant properties, may show multidirectional activity.

The research conducted by Wilczyńska et al. (2010) showed that buckwheat honeys
can be characterized by up to 100.00% of free radical scavenging capacity. Heather honeys
turned out to be even more effective—all tested samples were characterized by a result
of 100%. The lowest capacity was recorded for acacia honeys—from 25.58 to 35.90%. In
our study, the median for buckwheat honeys was 41.1%. Moreover, Wilczyńska et al.
showed that, in buckwheat honeys, the highest value of TPC was recorded (180.07 mg
GAE/100 g). Our research showed a median of 196.59, with the highest value being
241.87 mg GAE/100 g [35].

Another study published by Pentoś et al. (2020) aimed to compare selected antioxidant
properties of honey from Poland with Manuka honey. It was shown that Manuka honey has
a TPC value of 492.65 ± 1.32 mg GAE/100 g, while the honey from Poland with the highest
value of this parameter was buckwheat honey (334.04 ± 1.26 mg GAE/100 g). The honey
with the second-highest TPC value was heather honey (183.85 ± 1.27 mg GAE/100 g) [36].

Dżugan et al. (2017) assessed, inter alia, results obtained in the FRAP test by Polish
honeys. The highest result was obtained by buckwheat honeys (3635.49 ± 1328.22 µmol
TE/kg), followed by honeydew (2153.37 ± 663.92 µmol TE/kg), while the lowest result
was found for rapeseed honeys (656.73 ± 119.40 TE/kg). Our results were presented in a
different way, but the trend was similar—we obtained the following results: 0.402 ± 0.010,
0.323 ± 0.017, and 0.030 ± 0.012 µmol Fe2+/mL, respectively [7]. The studies by Beretta
et al. (2005) also confirm that buckwheat and honeydew honeys are characterized by one
of the highest results (800.7–23.8 and 772.0–21.5 µM) [16].

Our study has some limitations. We tested different amounts of honey samples
belonging to a particular variety. This was due to the improper labeling of honey by
beekeepers. Future research should be based on an even selection of the number of samples.
It seems necessary to develop a method that will allow the determination of all phenolic
acids present in honey—this will allow for the creation of detailed characteristics and the
development of characteristic ranges of variability. Additionally, it seems necessary to
characterize the varieties in terms of the content of individual flavonoids.

5. Conclusions

Phenolic acids can be considered markers of the authenticity of Polish honeybee vari-
eties, in particular, syringic acid, vanillic acid, and coffee acid for linden honeys, p-coumaric
acid and 4-hydroxybenzoic acid for buckwheat honeys, and vanillic acid for honeydew
honeys. Moreover, buckwheat honeys show the highest median of the TPC parameter,
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which indicates a high content of phenolic compounds in the honeys of this variety. This
variety of honey can be recommended to enrich the diet with antioxidant ingredients.
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Abstract: Bee bread (BB) has traditionally been used as a dietary supplement to treat liver problems.
This study evaluated the therapeutic effects of Heterotrigona itama BB from Malaysia on obesity-
induced hepatic lipid metabolism disorder via the regulation of the Keap1/Nrf2 pathway. Male
Sprague Dawley rats were fed with either a normal diet or high-fat diet (HFD) for 6 weeks to induce
obesity. Following 6 weeks, obese rats were treated either with distilled water (OB group), BB
(0.5 g/kg body weight/day) (OB + BB group) or orlistat (10 mg/kg body weight/day) (OB + OR
group) concurrent with HFD for another 6 weeks. BB treatment suppressed Keap1 and promoted
Nrf2 cytoplasmic and nuclear translocations, leading to a reduction in oxidative stress, and promoted
antioxidant enzyme activities in the liver. Furthermore, BB down-regulated lipid synthesis and its
regulator levels (SIRT1, AMPK), and up-regulated fatty acid β-oxidation in the liver of obese rats,
being consistent with alleviated lipid levels, improved hepatic histopathological changes (steatosis,
hepatocellular hypertrophy, inflammation and glycogen expression) and prevented progression
to non-alcoholic steatohepatitis. These results showed the therapeutic potentials of H. itama BB
against oxidative stress and improved lipid metabolism in the liver of obese rats possibly by targeting
the Keap1/Nrf2 pathway, hence proposing its role as a natural supplement capable of treating
obesity-induced fatty liver disease.

Keywords: Heterotrigona itama; bee bread; high-fat diet; obesity; MAFLD; oxidative stress; lipid
metabolism; Keap1/Nrf2 pathway; SIRT1; AMPK

1. Introduction

The worldwide prevalence of overweight and obesity has increased by two-folds since
1980 to an extent that almost a third of the global population is now considered to be over-
weight or obese [1]. Obesity adversely affects most of the body’s physiological functions
and is regarded as “the biggest public health threat for this century”. It is caused by various
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factors, including a high-fat diet (HFD), and increases the risk of developing numerous co-
morbidities, including type 2 diabetes mellitus, insulin resistance, hyperlipidemia, several
types of cancers, cardiovascular diseases and liver diseases [2].

Metabolic dysfunction-associated fatty liver disease (MAFLD), previously known
as non-alcoholic fatty liver disease (NAFLD) [3,4] is strongly related to obesity and is
recognized as a complex metabolic syndrome of abnormal liver metabolism. There is
growing evidence that supports a key role of oxidative stress resulting from the generation
of reactive oxygen species (ROS) in the progression of MAFLD and its progressive form
non-alcoholic steatohepatitis (NASH) [5]. Mitochondria are the primary intracellular sites
of oxygen consumption; hence, they are the main source of ROS generation in MAFLD. It
is believed that excessive hepatic lipid buildup leads to structural abnormalities of hepatic
mitochondria and impairment of the electron chain, as well as augmented lipid peroxi-
dation and ROS generation, which further stimulates oxidative stress and inflammation
in the liver [6–8]. As oxidative stress is classified as the disequilibrium between ROS and
antioxidants, a counterbalance by a complex antioxidant defense system such as the key
antioxidant enzymes superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx), glutathione-S-transferase (GST) and glutathione reductase (GR) is necessary to avoid
the generation of ROS and henceforth oxidative stress in the liver. Previous studies have
demonstrated the correlation between the reduction in antioxidant enzyme activities and
the severity of MAFLD in clinical and animal studies [9–12]. Additionally, it has also been
reported that the activation of nuclear factor erythroid 2-related factor 2 (Nrf2), which is
the key transcription factor regulating the expression of antioxidant enzyme genes [13],
results in the inhibition of oxidative stress and a reduction in hepatic inflammation and
fibrosis [14]. Under quiescent cellular environments, Nrf2 remains inactive by forming a
complex with Kelch-like ECH-associated protein 1 (Keap1), a Nrf2 repressor protein in
the cytoplasm. However, during exposure to oxidative stress and electrophilic substances,
Keap1 becomes oxidized and releases Nrf2 to be translocated to the nucleus where it
stimulates the transcription of the gene containing the antioxidant response element (ARE)
which activates the translation of antioxidant genes [15]. Numerous studies have indi-
cated the effects of sterol regulatory element binding protein-1c (SREBP-1c) or peroxisome
proliferator-activated receptor alpha (PPARα)-dependent pathways on lipogenesis and
fatty acid oxidation, respectively, in hepatic lipid metabolism [16]. SREBP-1c controls the
activities of lipogenic enzymes including fatty acid synthase (FAS) and its expression is up-
regulated by the increased insulin level in the circulation and liver [17]. Meanwhile, PPARα
has been demonstrated to be involved in the oxidation of fatty acids and mediates the
activity of carnitine palmitoyltransferase 1α (CPT1α), which catalyzes the rate-limiting step
in fatty acid β-oxidation. Consequently, a reduced level of PPARα leads to hyperlipidemia
and lipid deposition in the hepatocytes [18]. In addition, both AMPK-activated protein
kinase (AMPK) and sirtuin 1 (SIRT1) signaling also play a role in maintaining an energy
balance and regulating lipid metabolism in the liver, muscle and adipose tissue [19,20].
Activated AMPK can suppress the levels of lipogenic-related protein including SREBP1 and
FAS, as well as up-regulate the activities of enzymes responsible for fatty acid β-oxidation
(PPARα and CPT1); hence, it can reduce lipid accumulation [21]. Likewise, an increased
level of lipid accumulation in the liver of obese mice has been linked with the inhibition
of AMPK and SIRT1 activities, hence aggravating the development of MAFLD [22]. Of
note, it has also been reported that the activation of the Keap1/Nrf2 signaling pathway to
maintain a redox status mediates lipid metabolism-related genes (SREBP-1c and PPARα)
to reduce hepatic steatosis in an HFD-induced obese animal model [23]. Thus, the hepa-
totherapeutic agents with anti-oxidative stress may have a potential therapeutic modality
on lipid accumulation.

Generally, stingless bees are found mainly in tropical and subtropical regions of
the world, including Africa, Southeast Asia, Australia and South America. In Malaysia,
over 30 species of stingless bee (Trigona spp.), which is also known as ‘kelulut’, have
been documented in Peninsular Malaysia and out of this, 17 species were identified to

214



Antioxidants 2022, 11, 2190

inhabit the virgin forest [24]. The most common species of Trigona spp. in Malaysia is
Heterotrigona itama, which is reared commercially due to high demand [25]. Bee bread
is formed from the fermentation of mixtures of nectar, pollen and digestive enzymes
secreted from the bee’s salivary glands [26,27]. The chemical compositions of bee bread are
mainly comprised of proteins, free amino acids, carbohydrates, fatty acids, a wide range
of sugars and high reducing sugars [28,29] and vitamins [30]. Moreover, each bee bread
has a different composition which varies from different regions, climatic and seasonal
variations, floral origins [31,32] and soil type [27]. Numerous data have shown that bee
bread produced by H. itama possesses beneficial therapeutic effects on metabolic diseases
including cardiovascular disease [33–35], renal disorder [36] and male infertility [37–39].
Moreover, our prior study revealed that concurrent administration of HFD and H. itama
bee bread at 0.5 g/kg b.w./day for 12 weeks exhibited protection against obesity, liver
oxidative damage and inflammation, as well as prevented the liver from NASH and fibrosis
in rats [40]. Bee bread was also previously demonstrated to have an anti-lipogenic effect by
reducing the expressions of FAS and acetyl-CoA carboxylase (ACC) in the obesity-induced
fatty liver disease rat model [41]. Furthermore, numerous findings have been reported
on the anti-obesity effects of flavonoids and phenolic acids, hence, increasing the liver
antioxidant and detoxification system as well as improving lipid metabolism [42–45]. In
this current study, we investigated whether the intake of H. itama bee bread would have
beneficial therapeutic effects on liver oxidative stress and lipid accumulation after the
induction of obesity in rats. Moreover, the underlying molecular mechanism by which bee
bread alleviates redox imbalance and lipid metabolism disorder via the activation of the
Keap1/Nrf2 pathway was explicated.

2. Materials and Methods
2.1. Bee Bread Collection and Preparation

Bee bread sample from the stingless bee H. itama was self-harvested and collected from
a local stingless bee farm (Mentari Technobee PLT, Kelantan, Malaysia). The sample initial
weight was measured, dried using a food dehydrator (Domani Industries Ltd., Foshan,
China) (35 ◦C) and ground into powder form before being stored in −20 ◦C until further
use [33,38].

2.2. High-Performance Liquid Chromatography (HPLC) Detection and Quantification of
Polyphenolic Compounds

HPLC was performed based on the method published by Suleiman et al. (2021) [46].
Bee bread powder was suspended in water and methanol to produce aqueous and methanol
solutions, respectively, to achieve final concentrations of 100 mg/mL. The solutions were
then vortexed, sonicated and followed with centrifugation at 20,111× g for 5 min prior to
HPLC analysis. The samples were analyzed using a Dionex RS3000 system (Thermo Scien-
tific, Waltham, MA, USA). The chromatic separation was achieved at 25 ◦C on a Zorbax
SB-C18 column (3.5 µm, 4.6 mm I.D × 150 mm) (Agilent Technologies, Santa Clara, CA,
USA). A binary solvent system was employed consisting of 0.1% formic acid in water as
solvent A and 0.1% formic acid in methanol (40:60, v/v) as solvent B. The chromatographic
analyses were conducted at a run time of 0, 20, 25, 25.1 and 30 min. The flow rate was
1.0 mL/min, and the injection volume was 20 µL. The eluted components were monitored
at 340 nm. The standard substances of gallic acid, caffeic acid, mangiferin, trans-ferulic acid,
2-hydroxycinnamic acid, trans-3-hydroxycinnamic acid, quercetin, kaempferol and api-
genin were purchased from Sigma (St. Louis, MO, USA) and used as reference compounds.

2.3. Animals and Diet

Thirty-two male Sprague Dawley rats aged from 8 to 10 weeks (200–230 g) were pur-
chased from the Laboratory Animal Research and Service Centre (ARASC), Universiti
Sains Malaysia (USM). All the animal experiments complied with the National Institute of
Health Guide for the Care and Use of Laboratory Animals and were approved by the USM
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Institutional Animal Care and Use Committee (IACUC) (USM/IACUC/2018/(113)(933)).
Each rat was individually housed in a polypropylene cage with sterilized husk bedding in
a room with a 12 h light–dark cycle, a controlled temperature at 22–24 ◦C and a relative
humidity of 55–70%. All the rats had free access to a normal rat chow pellet and clean
drinking water during one week of the acclimatization period.

All animals were fed with either a normal diet or an HFD. The normal diet was
a standard Altromin pellet (Altromin Spezialfutter GmbH & Co. KG, Lage, Germany)
composed of soy, wheat and corn with approximately 24% protein, 64% carbohydrates and
12% fat in terms of caloric content. Meanwhile, the HFD was prepared based on a prior
study with slight modifications, composed of 32 g of animal ghee, 68 g of powdered normal
diet, 12% of cholesterol powder, as well as 300 mg calcium and 100 IU vitamin D3, which
contained approximately 12% protein, 46% carbohydrate and 31% fat in terms of the caloric
content [47].

2.4. Experimental Design

After adaptation, all the rats were indiscriminately divided into two experimental
groups and fed ad libitum as follows: (1) Control (CON) group (n = 8); rats fed a normal
diet and 1 mL distilled water once daily for 12 weeks, (2) HFD group (n = 24): rats fed
HFD and oral gavage of 1 mL distilled water for 6 weeks to induce obesity. The Lee
obesity index was used to confirm the obesity using a previously reported formula [48]:

3
√

bodyweight (g)
naso−anal length (cm)

× 1000 and a value of Lee obesity of more than 315 was considered as
obese [49]. Following 6 weeks, the confirmed obese rats in the HFD group were then
separated into 3 random experimental groups (n = 8/group), and treated as follows for
6 weeks: (1) Obese group (OB): rats fed HFD and oral gavage of 1 mL distilled water,
(2) Bee bread group (OB + BB): rats fed HFD and oral gavage of bee bread (0.5 g/kg
b.w./day), and (3) Orlistat group (OB + OR): rats fed with HFD and oral gavage of orlistat
(10 mg/kg b.w./day). A pilot study was conducted to identify the best dose of bee bread
(0.5, 1.0 and 1.5 g/kg b.w./day) for improving some hepatic parameters in obese male
rats. After 6 weeks, the findings demonstrated that the best dose of bee bread 0.5 g/kg
b.w./day was selected for this animal study as this dose exerted the most improvement
on the Lee obesity index, liver function and hepatic steatosis in obese male rats (Table S1
and Figure S1). Meanwhile, the dose of orlistat (Xepa-Soul Pattinson Sdn. Bhd. Melaka,
Malaysia) at 10 mg/kg b.w./day was selected based on a prior reported study on obese
rats [50]. Both bee bread and orlistat were weighed before being dissolved in distilled water
to a final volume of 1 mL before being dispensed to the animals.

2.5. Measurements of Obesity Parameters and Nutritional Composition

Body weights were monitored weekly throughout the experiment and the changes in
the body weight between week 12 and week 0 were recorded as body weight gain. The Lee
obesity index was calculated at the end of the experimental period. The food intake was
monitored daily and the averages of food and calorie intakes for each rat were determined.

2.6. Blood and Tissue Collection

At the end of the 12th week, all the animals were anaesthetized intraperitoneally
using 90 mg/kg ketamine and 5 mg/kg xylazine following a 12 h fast. Then, blood was
collected from the rat’s posterior vena cava in tubes containing a gel clot activator. The
blood samples were centrifuged (3000× g, 15 min) to obtain the serum and stored at−80 ◦C
for biochemical assays. Meanwhile, the livers from each experimental group were dissected,
rinsed in ice-cold normal saline solution, blotted dry and cut into three portions. The liver
tissue was stored in the RNAlater (Sigma-Aldrich, St. Louis, MO, USA) at −80 ◦C for qRT-
PCR analysis. The second portion of tissue was homogenized using a tissue homogenizer
(IKA Labortechnik Co., Ltd., Wilmington, NC, USA) in 10 volumes of ice-cold phosphate
buffer saline (pH 7.4) and centrifuged (3000× g, 20 min). The separated supernatant was
stored at −80 ◦C until further use for liver biochemical analyses. The last portion of the
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liver tissue was rapidly fixed in 10% formalin for at least 48−72 h for immunohistochemical
and histopathological analyses.

2.7. Determination of Serum Glucose, Insulin and HOMA-IR

Serum glucose (Qayee-Bio Life Science Co., Ltd., Shanghai, China) and insulin (Elab-
science Biotechnology Inc. Co., Ltd. Wuhan, Hubei, China) levels were tested with com-
mercially available kits according to the manufacturers’ instructions. The homeostatic
model of assessment-insulin resistance (HOMA-IR) was calculated as referred to in the
prior study [51].

2.8. Evaluations of Lipid Profiles

The levels of both triglyceride (TG) and total cholesterol (TC) in the serum were
assessed using a commercialized kit (ARCHITECT c kit, Abbott, IL, USA) according
to an enzymatic colorimetric method. Meanwhile, the level of low-density lipoprotein
(LDL) was measured according to a formula as described in the previous study [52], i.e.,
LDL (mmol/L) = (TC − HDL − (TG/5). Furthermore, the level of high-density lipopro-
tein (HDL) was determined using Biosino Direct HDL-Cholesterol reagent kit (Biosino
Bio-Technology and Science Inc., Beijing, China) by the eliminations of LDL-Cholesterol,
chylomicron and VDLD-Cholesterol by cholesterol oxidase, cholesterol esterase and catalase.

2.9. Liver Biochemical Analyses

The hepatic TG, TC, SIRT1 and AMPK concentrations were determined using the
commercial kits obtained from Qayee-Bio Life Science Co., Ltd. (Shanghai, China), refer-
ring to the manufacturers’ protocols. Meanwhile, nitric oxide (NO) concentration was
assayed with common commercially available biochemical kits obtained from Elabscience
Biotechnology Inc. Co., Ltd. (Wuhan, China) according to the manufacturer’s instruc-
tion. The level of lipid peroxidation in the liver was determined as a thiobarbituric acid
reactive substance (TBARs) according to Chatterjee et al. (2000) [53]. The absorbance of a
colored complex produced from the reaction of thiobarbituric acid and malondialdehyde
was measured at 532 nm. The SOD activity was calculated according to a method by
Al Batran et al. (2013) [54]. The enzyme activity was assessed by the measurement of
diformazone, a final product formed from a reduced superoxide ion by tetrazolium blue
nitro (NBT) at wavelength 560 nm. The CAT activity was evaluated according to Góth,
(1991) [55] based on the enzyme-catalyzed decomposition of hydrogen peroxide and an
assay of the remaining hydrogen peroxide with molybdate ions. The enzyme activity was
assessed by measurement of the yellowish complex formed from the reaction spectrophoto-
metrically (BioTek Instruments, Winooski, VT, USA) at 405 nm. The activity of GPx was
assessed according to Doǧan et al. (1994) [56]. The enzyme activity was evaluated by
the measurement of the change in the concentration of NADPH at wavelength 340 nm.
Estimation of GST activity in the liver was measured according to Habig et al. (1974) [57]
which was based on glutathione conjugation to 1-chloro-2,4-dinitrobenzene (CDNB) as
a substrate. The enzyme activity was measured spectrophotometrically at wavelength
340 nm. The activity of GR was estimated according to Luchese et al. (2009) [58] based
on the reduction of GSSG catalyzed by GR in the presence of NADPH to form GSH and
NADP+. The decrease in absorbance due to the decreased concentration of NADPH was
determined spectrophotometrically at 340 nm. The level of total glutathione (GSH) was
evaluated according to Annuk et al. (2001) [59] with some modifications. The rate of yellow
complex (5-thio-2-nitrobenzoic acid) formed from the reaction between the sulfhydryl
group of GSH and 5,5′-dithiobis-2-nitrobenzoic acid (DTNB) was measured at wavelength
405 nm. The liver total antioxidant capacity (TAC) was evaluated by referring to a former
described method by Koracevic et al. (2001) [60]. In this assay, the antioxidants from
the liver homogenate inhibited the formation of TBARS and the reaction was calculated
by measuring spectrophotometric absorbance at 532 nm. The protein contents of these
samples were quantified using a bicinchoninic acid (BCA) protein assay kit according to
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the manufacturer’s instructions (Thermo Fisher Scientific, Inc., Waltham, MA, USA) and
normalized to the data of liver tissue biochemical parameters.

2.10. RNA Extraction and RT-qPCR Analysis

Total RNA from the liver tissue was extracted using Innu Prep RNA mini kit (An-
alytik Jena, Jena, Germany) and treated with PureLinkTM DNase (Invitrogen, Thermo
Fisher Scientific Inc. USA) to remove any contaminating genomic DNA according to the
manufacturers’ instructions. The concentration and purity of the RNA preparation were
quantified by measuring the absorbances at 260 and 280 nm on a µDropTM Plate (Thermo
Fisher Scientific Inc., Waltham, MA, USA) and only samples with OD260/280 of 1.8–2.0
were included in this study. Then, the quality and integrity of RNA were assessed using
agarose gel electrophoresis stained with fluorescent dye in 1x LB buffer (Faster Better
Media LLC, Hunt Valley, MD, USA). RT-qPCR was carried out in a 20 µL volume reaction
containing 10 µL of SYBR Lo-ROX One-step Mix, 10 µM of each primer, 0.2 µL of reverse
transcriptase, 0.4 µL of RNase inhibitor, 16 µL of DEPC-treated water and 4 µL of RNA
(SensiFASTTM SYBR Lo-ROX One-step kit, Bioline USA Inc., Taunton, MA, USA) using
Stratagene Mx3000P qPCR system (Agilent Technologies, Santa Clara, CA, USA). Thermal
cycling conditions included cDNA synthesis at 45 ◦C for 10 min, polymerase activation
at 95 ◦C for 2 min, PCR amplification for 40 cycles each one consisting of denaturation
at 95 ◦C for 5 s, annealing at 60 ◦C for 10 s and extension at 72 ◦C for 5 s, followed by
melt curve stage. All primers were selected from GenBank and synthesized by Integrated
DNA Technologies (IDT, Malaysia). The GAPDH gene was used as an internal control to
normalize target gene expressions. Three replicates of each reaction were conducted and
the relative mRNA transcription levels were calculated according to the method of the
2−∆∆Ct method [61]. The primer sequences used for this study are shown in Table 1.

Table 1. Primers used for PCR amplification.

Gene Name Accession Number Sequence Reference

SREBP-1c NM_001276707.1 Forward: 5′-GCCTGCTTGGCTCTTCTCT-3′

Reverse: 5′-GCTTGTTTGCGATGTCTCC-3′ [62]

FAS NM_017332.1 Forward: 5′-TCGACTTCAAAGGACCCAGC-3′

Reverse: 5′-ACTGCACAGAGGTGTTAGGC-3′ [63]

PPARα NM_013196.1 Forward: 5′-ATTCGGCTAAAGCTGGCGTA-3′

Reverse: 5′-TGCATTGTGTGACATCCCGA-3′ [63]

CPT1α BC072522.1 Forward: 5′-GGACATTCCTCTCTCAGGTTTC-3′

Reverse: 5′-ACCTCCTCCTTTGAACACATAC-3′ [63]

GAPDH NM_017008 Forward: 5′-TCACCACCATGGAGAAGGC-3′

Reverse: 5′-GCTAAGCAGTTGGTGGTGCA-3′ [39]

SREBP-1c, sterol regulatory element-binding protein-1c; FAS, fatty acid synthase; PPARα, peroxisome
proliferator activated receptor α; CPT1α, carnitine palmitoyl transferase 1α; GAPDH, glyceraldehyde
3-phosphate dehydrogenase.

2.11. Immunohistochemical Detections of Keap1 and Nrf2 Expressions

Serial sections of formalin-fixed, paraffin-embedded liver samples were de-waxed,
rehydrated and subjected to antigen retrieval treatment in a Tris-EDTA buffer solution
(0.1 M, pH 9.0) with 0.05% Tween-20. The endogenous peroxide activity was blocked
for 5 min using 3% hydrogen peroxide. Then, the liver sections were incubated using
rabbit polyclonal primary antibodies against Keap1 and Nrf2 (Cloud- Clone Corp, Katy, TX,
USA) (1:100) at 4 ◦C overnight. The primary antibodies were detected using a secondary
antibody containing goat anti-rabbit (Dako EnVisionTM + System/HRP labelled polymer)
(Agilent Technologies, Inc., Santa Clara, CA, USA). Immunospecific reactivity was visu-
alized by Dako 3,3′-diaminobenzidine (DAB) chromogen substrate reagent (1:1) mixed
solution (Agilent Technologies, Inc., Santa Clara, CA, USA), counterstained with hema-
toxylin (Merck, Darmstadt, Germany), then dehydrated in alcohol and xylene before being
mounted. The protein expressions of Keap1 and Nrf2 were analyzed by two independent
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pathologists (blinded to the treatment the rats received) according to a previous study [64].
The immunoreactive score was assessed by multiplying the staining intensity (0, colorless;
1, light yellow; 2, brownish yellow; 3, brown) with a percentage of positively stained cells
(0, negative; 1, 10%; 2, 11–50%; 3, 51–75%; 4, 75–100%).

2.12. Liver Histopathological Examination

The formalin-fixed liver tissues were dehydrated in a series of ethanol and embedded
in paraffin wax. Sections (3-µm thick) were cut and stained with hematoxylin-eosin (H&E)
(both Merck, Darmstadt, Germany) and analyzed under an Olympus BX41 (Olympus
Co., Tokyo, Japan). The histopathological changes such as the hepatocellular vesicular
steatosis (i.e., macro- or micro-vesicular steatosis and hypertrophy) and inflammatory cell
infiltration were assessed and followed by grading and scoring referring to the NAFLD
activity score (NAS) [65,66] as follows: NASH;≥5 and non-NASH;≤3. A periodic acid-Sciff
(PAS) staining was performed to detect glycogen accumulation (magenta color staining)
in liver tissue. The glycogen score was evaluated following the percentage of positively
stained cells as follows: 0 (0–15%), 1 (16–25%), 2 (26–50%) or 3 (76–100%) [67]. All the
histopathological assessments were carried out by two liver pathologists blinded to the diet.

2.13. Statistical Analysis

Statistical analysis was carried out using GraphPad Prism, 8th Version Software
(GraphPad Software Inc., Maryland, USA). All data were checked for normality and vari-
ance of the data sets using the Shapiro–Wilk and D’Agostino–Pearson Omnibus normality
test, respectively. All data are expressed as means ± standard error of the means (SEM).
One-way ANOVA was used followed by Tukey post-hoc test to determine the differences
between the groups. p < 0.05 was considered to be statistically significant.

3. Results
3.1. Phenolic Compound Analysis of H. itama Bee Bread Using High-Performance Liquid
Chromatography (HPLC)

Figure 1 shows the HPLC profiles of (a) aqueous and (b) methanol bee bread extracts,
respectively. The retention time point of the standards was compared to the HPLC profiles
of both bee bread extracts, and the quantities for each of the chemical markers within the
bee bread extracts were calculated and are summarized in Table 2. Aqueous bee bread
extract had a relatively higher concentration of trans-3-hydroxycinnamic acid, followed by
2-hydroxycinnamic acid, gallic acid and mangiferin. Similarly, the methanol bee bread ex-
tract possessed a relatively higher concentration of trans-3-hydroxycinnamic acid, followed
by quercetin, apigenin, kaempferol, 2-hydroxycinnamic acid, mangiferin, caffeic acid and
trans-ferulic acid (Table 2).

Table 2. Contents of phenolic compounds in the aqueous and methanol extracts of bee bread.

Phenolic Compound Molecular Formula Retention Time (min) Area (mAU ×min) Relative Area (%)

Aqueous extract:
Gallic acid C7H6O5 5.93 1.106 1.59
Mangiferin C19H18O11 13.09 1.093 1.57
Trans 3-hydroxycinnamic acid C9H8O3 15.05 40.235 57.77
2-hydroxycinnamic acid C9H8O3 15.77 1.379 1.98

Methanol extract:
Caffeic acid C9H8O4 12.53 2.153 0.50
Mangiferin C19H18O11 13.09 4.170 0.97
Trans ferulic acid C10H10O4 14.62 1.035 0.24
Trans 3-hydroxycinnamic acid C9H8O3 15.05 74.221 17.31
2-hydroxycinnamic acid C9H8O3 15.77 4.909 1.15
Quercetin C15H10O7 17.64 18.878 4.40
Kaempferol C15H10O6 18.73 7.999 1.87
Apigenin C15H10O5 19.01 9.499 2.22
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Figure 1. HPLC profiles of (a) aqueous and (b) methanol extracts of bee bread samples at
340 nm. (a) Peak 1, gallic acid; peak 2, mangiferin; peak 3, trans 3-hydroxycinnamic acid; peak 4,
2-hydroxycinnamic acid. (b) Peak 1, caffeic acid; peak 2, mangiferin; peak 3, trans ferulic acid; peak 4,
trans 3-hydroxycinnamic acid; peak 5, 2-hydroxycinnamic acid; peak 6, quercetin; peak 7, kaempferol;
peak 8, apigenin.

3.2. Effects of H. itama Bee Bread on Obesity Parameters and Nutritional Composition

To determine the anti-obesity property of bee bread supplementation in obese rats,
the Lee obesity index and body weight gain were recorded in the present study. As
demonstrated in Table 3, 12-week HFD feeding significantly increased (p < 0.05) the Lee
obesity index and body weight gain in the OB group. Meanwhile, the administration of
bee bread significantly reduced (p < 0.05) these parameters. Similar patterns of results were
also present in the OB + OR group.

Table 3. Obesity parameters and nutritional composition of rats in the experimental groups.

CON OB OB + BB OB + OR

Lee obesity index 306.4 ± 1.60 331.5 ± 2.69 a 311.4 ± 2.45 b 316.9 ± 2.64 a,b

Body weight gain (g) 103.0 ± 9.26 204.7 ± 10.98 a 154.9 ± 14.47 a,b 157.0 ± 6.98 a,b

Average daily food intake (g/day) 20.97 ± 0.50 20.65 ± 0.71 18.58 ± 0.70 19.08 ± 0.72
Average daily calorie intake (kJ/day) 282.7 ± 6.47 446.2 ± 15.35 a 401.5 ± 15.17 a 412.3 ± 15.46 a

Data are presented as mean ± SEM, n = 8/group. CON, control; OB, obese; OB + BB, obese + bee bread 0.5 g/kg
body weight/day; OB + OR, obese + orlistat 10 mg/kg body weight/day. One-way ANOVA, followed by Tukey
post-hoc test. a p < 0.05 vs. CON group, b p < 0.05 vs. OB group.

Furthermore, no significant differences (p > 0.05) were found in the average food intake
among all the experimental groups. However, all animals fed with the HFD demonstrated
significant increases (p < 0.05) in the average of calorie intake compared to the CON group.
Nonetheless, no significant differences (p > 0.05) were found in the average calorie intake
between all the HFD-fed groups (Table 3).

3.3. Effects of H. itama Bee Bread on Serum Glucose, Insulin Resistance and Lipid Profile

Indeed, hyperglycemia, hyperinsulinemia and insulin resistance are closely associated
with obesity. To investigate the effects of bee bread on these parameters, the levels of
glucose, insulin and HOMA-IR were evaluated in this current experiment. As shown
in Table 4, the OB group showed significantly increased (p < 0.05) blood glucose and
insulin levels after 12 weeks of HFD intervention compared to the CON group. In addition,
compared with the CON group, the rats in the OB group also demonstrated a markedly
higher (p < 0.05) insulin resistance index, HOMA-IR. However, bee bread supplementation
significantly decreased (p < 0.05) blood glucose and insulin levels as well as improved the
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insulin resistance as shown by the reduced (p < 0.05) HOMA-IR index and those effects
were also present in the OB + OR group, except for the HOMA-IR index.

Table 4. Serum fasting glucose, insulin resistance and lipid profile of rats in the experimental groups.

CON OB OB + BB OB + OR

Fasting glucose (mg/dL) 70.50 ± 1.45 83.00 ± 3.54 a 73.22 ± 1.36 b 74.50 ± 1.93 b

Fasting insulin (ng/mL) 0.64 ± 0.09 3.71 ± 1.33 a 1.22 ± 0.22 b 1.80 ±0.09 b

HOMA-IR 0.12 ± 0.01 0.38 ± 0.07 a 0.22 ± 0.03 b 0.26 ± 0.05 a

TG (mmol/L) 0.49 ± 0.03 0.92 ± 0.03 a 0.60 ± 0.06 b 0.77 ± 0.08 a

TC (mmol/L) 1.66 ± 0.10 2.79 ± 0.40 a 1.97 ± 0.06 b 2.01 ± 0.09 b

LDL-C (mmol/L) 0.80 ± 0.04 1.80 ± 0.24 a 1.12 ± 0.10 b 1.03 ± 0.08 b

HDL-C (mmol/L) 0.53 ± 0.02 0.40 ± 0.02 a 0.49 ± 0.04 0.66 ± 0.03 a,b,c

Data are presented as mean ± SEM, n = 8/group. CON, control; OB, obese; OB + BB, obese + bee bread 0.5 g/kg
body weight/day; OB + OR, obese + orlistat 10 mg/kg body weight/day; HOMA-IR, homeostatic model of
assessment-insulin resistance; TG, triglyceride; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol;
HDL-C, high-density lipoprotein cholesterol. One-way ANOVA, followed by Tukey post-hoc test. a p < 0.05 vs.
CON group, b p < 0.05 vs. OB group, c p < 0.05 vs. BB group.

In addition, biochemical analysis of the lipid profile was also evaluated in the present
study to determine the effect of bee bread on hyperlipidemia. After 12 weeks of HFD
administration, compared to the CON group, serum TG, TC and LDL-C were increased
significantly (p < 0.05), meanwhile serum HDL was reduced significantly (p < 0.05) in the
OB group. Bee bread treatment significantly reduced (p < 0.05) these serum lipid levels,
except for HDL-C, compared to those in the OB group, whereas, orlistat administration
markedly reduced (p < 0.05) serum TC and LDL-C and significantly increased (p < 0.05)
serum HDL-C compared to those in the OB group (Table 4).

3.4. Effects of H. itama Bee Bread on Accumulations of Hepatic Lipid, NASH Activity
and Glycogen

The liver is a vital organ for controlling lipid metabolism and prolonged excessive
lipid accumulation commonly leads to hepatic steatosis. Figure 2A,B demonstrates the
significantly increased (p < 0.05) hepatic TG and TC levels in the OB group after 12 weeks of
HFD intake, compared to the CON group, whereas, treatments with bee bread and orlistat
markedly alleviated (p < 0.05) these hepatic lipid contents.

Photomicrographs of the liver samples stained with H&E are shown in Figure 2C. In
the CON group, the liver structure was normal without any pathological symptoms. In this
specimen, there was high preservation of hepatocytes and the lining cells of both sinusoids
and postinusoidal venules, as well as the structural integrity of the hepatic lobule. In the
hepatocytes of obese rats, a large number of lipid droplets (micro- and macro-vesicular
steatosis) were observed. The liver tissue from this group also had more dilated sinusoids,
portal triads and inflammatory cells infiltrated largely deposited at the portal region. In
contrast, these histopathological changes were clearly reduced in the bee bread and orlistat
groups although they were not completely reversed. Moreover, the NAS score of the liver
samples is shown in Figure 2E. Clearly, the liver from the CON group had no presence of
MAFLD. In contrast, the liver of the OB group demonstrated an average NAS of 7, which
markedly demonstrated the presence of NASH in this group. Treatments with bee bread
and orlistat demonstrated an average NAS of ≤4 which revealed the presence of simple
steatosis in these groups.

Increased hepatic gluconeogenesis, reduced glycogenesis and elevation in lipogenesis
are common features of impaired hepatic insulin sensitivity. Therefore, we next evaluated
the effect of bee bread on glycogen storage in the liver tissue using PAS staining (Figure 2D).
The livers of the CON group displayed a high PAS staining intensity, which reflected
the number of glycogen particles in the cytoplasm of hepatocytes, whereas, the staining
intensity in the OB group was dramatically alleviated. Moreover, in the area of severe fat
accumulation, positive staining was barely observed. The staining intensity of glycogen
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in the liver of the bee bread-treated group was much stronger than that in the OB group
and this finding was similarly observed in the orlistat group. In addition, Figure 2F
shows the grading for glycogen in all the liver sections. The results demonstrated a
substantially decreased (p < 0.05) glycogen score in the OB group in comparison with the
CON group, meanwhile, treatments with bee bread and orlistat significantly improved
(p < 0.05) these changes.

Figure 2. Effect of bee bread on liver lipid levels and hepatic steatosis. (A) Liver TG level, (B) liver
TC level, (C) H&E staining (magnification ×400, scale bars represent 20 µm) and (D) PAS staining
(magnification×100, scale bars represent 50 µm) analyses of liver, (E) NASH scoring, and (F) glycogen
scoring of rats in all experimental groups. Values are presented as mean ± SEM, n = 8/group. CON,
control; OB, obese; OB + BB, obese + bee bread 0.5 g/kg body weight/day; OB + OR, obese + orlistat
10 mg/kg body weight/day; TG, triglyceride; TC, total cholesterol. One-way ANOVA, followed by
Tukey post-hoc test. a p < 0.05 vs. CON group, b p < 0.05 vs. OB group.

3.5. Effect of H. itama Bee Bread on Liver Oxidant–Antioxidant Parameters

Oxidative stress is linked with obesity-related fatty liver disease. We explored the
effects of bee bread supplementation on several oxidant-antioxidant markers, as well as
on the Keap1 and Nrf2 pathways as reported in Figures 3 and 4, respectively. Our results
showed that, compared to the CON group, there were significantly increased (p < 0.05)
concentrations of oxidative stress markers including TBARS and NO in the OB group.
Furthermore, there were also significant reductions (p < 0.05) in the activities of SOD, CAT,
GPx, GST and GR enzymes, as well as in the levels of GSH and TAC in the OB group
compared to the CON group. Treatment with bee bread notably reversed (p < 0.05) all these
effects and equivalent outcomes were also demonstrated by the OB + OR group following
orlistat treatment (Figure 3A–I).
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Figure 3. Effect of bee bread on liver oxidant–antioxidant parameters of rats in all experimental
groups. (A) TBARS, (B) NO, (C) SOD, (D) CAT, (E) GPx, (F) GST, (G) GR, (H) GSH and (I) TAC
in the liver of obese rats. Values are presented as mean ± SEM, n = 8/group. CON, control;
OB, obese; OB + BB, obese + bee bread 0.5 g/kg body weight/day; OB + OR, obese + orlistat
10 mg/kg body weight/day; TBARS, thiobarbituric acid reactive substances; NO, nitric oxide; SOD;
superoxide dismutase; CAT; catalase; GPx, glutathione peroxidase; GST, glutathione S-transferase;
GR; glutathione reductase; GSH, total glutathione; TAC; total antioxidant capacity. One-way ANOVA,
followed by Tukey post-hoc test. a p < 0.05 vs. CON group, b p < 0.05 vs. OB group.

Next, we used immunohistochemical analysis to further discuss the antioxidative
effect of bee bread in activating the Keap1/Nrf2 pathway in the liver of obese rats, as shown
in Figure 4. There was a significantly increased (p < 0.05) liver Keap1 expression level in
the cytoplasm of obese rats, whereas, 6-week bee bread treatment significantly suppressed
(p < 0.05) this Keap1 expression level (Figure 4A,C). Furthermore, the results also showed
that, compared to the control group, the expressions of Nrf2 both in the cytoplasm and
nucleus decreased (p < 0.05) after overfeeding of HFD for 12 weeks in the obese group,
which indicated a lower rate of Nrf2 translocation from the cytoplasm into the nucleus.
At the same time, the immunoexpression results clearly showed that the expression of
cytoplasmic Nrf2 was significantly decreased (p < 0.05) and the expression of nuclear
Nrf2 was significantly increased (p < 0.05) after bee bread treatment, and the results were
also comparable in the orlistat group when compared to the obese group. These results
demonstrated a higher translocation of cytoplasmic Nrf2 into the nucleus following bee
bread treatment and these findings were similarly observed after orlistat administration in
the OB + OR group (Figure 4B,D).
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Figure 4. Effect of bee bread on (A) Keap1 and (B) Nrf2 immunohistochemical expressions in
liver sections of rats in all experimental groups. (C) Immunohistochemical analyses of Keap1 and
(D) cytoplasmic and nuclear Nrf2 in liver sections. Magnification ×400, scale bars represent 20 µm.
Values are presented as mean ± SEM, n = 6/group. CON, control; OB, obese; OB + BB, obese + bee
bread 0.5 g/kg body weight/day; OB + OR, obese + orlistat 10 mg/kg body weight/day; Keap1,
Kelch-like ECH-associated protein 1; Nrf2, nuclear factor erythroid 2-related factor 2. One-way
ANOVA, followed by Tukey post-hoc test. a p < 0.05 vs. CON group, b p < 0.05 vs. OB group.

3.6. Effects of H. itama Bee Bread on the Expression of Hepatic Lipid Metabolism-Related Genes,
and SIRT1 and AMPK Protein Levels

To further investigate the underlying mechanisms by which bee bread improves hep-
atic lipid metabolism, we analyzed the effects of bee bread on genes related to lipogenesis
and fatty acid β-oxidation as shown in Figure 5A–D. Compared with the CON group,
the mRNA expression levels of both SREBP-1c and FAS were significantly up-regulated
(p < 0.05) in the liver tissues of rats in the OB group. Treatment with bee bread for 6 weeks
significantly inhibited lipid synthesis as shown by the down-regulation (p < 0.05) of these
mRNA factors and the effects were also comparable after intake of orlistat. Furthermore,
our results also demonstrated significantly down-regulated (p < 0.05) PPARα and CPT1α
mRNA expression levels in the OB group than those in the CON group, whereas, these
effects were significantly abolished (p < 0.05) by both bee bread and orlistat treatments.

The present study also evaluated the relationship between the anti-lipid effect of bee
bread and the levels of SIRT1 and AMPK in the liver as demonstrated in Figure 5E,F).
Our results showed that rats in the OB group had notably suppressed (p < 0.05) SIRT1
and AMPK levels more than those in the CON group. Meanwhile, bee bread treatment
markedly elevated (p < 0.05) these protein levels. Comparable outcomes (p < 0.05) were
also demonstrated in the liver of rats in the orlistat group except for the SIRT1 level which
was not significantly changed (p > 0.05) after 6 weeks of treatment.
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Figure 5. Effect of bee bread on hepatic lipid metabolism-related genes, and SIRT1 and AMPK
levels. (A–D) The mRNA expression levels of SREBP-1c, FAS, CPT1α and SIRT1 were determined
by RT-qPCR assays (n = 6/group). (E,F) The levels of SIRT1 and AMPK were detected using
ELISA (n = 8/group). Values are presented as mean ± SEM. CON, control; OB, obese; OB + BB,
obese + bee bread 0.5 g/kg body weight/day; OB + OR, obese + orlistat 10 mg/kg body weight/day;
SREBP-1c, sterol regulatory element-binding protein-1c; FAS, fatty acid synthase; PPARα, peroxisome
proliferator activated receptor α; CPT1α, carnitine palmitoyl transferase 1α; SIRT1, sirtuin 1; AMPK,
AMP-activated protein kinase. One-way ANOVA, followed by Tukey post-hoc test. a p < 0.05 vs.
CON group, b p < 0.05 vs. OB group.

4. Discussion

Obesity is a chronic metabolic disease that can affect the majority of the vital organs of
the body, and studies have reported that obesity is a high-risk factor for the development of
cardiovascular diseases [68], type 2 diabetes [69] and carcinoma [70]. Apart from increases
in the size of adipocytes (hypertrophy) and number of adipocytes (hyperplasia), being
overweight and obese also leads to the excessive accumulation of lipid in the liver, resulting
in hepatic steatosis, the early stage of MAFLD [71]. We had previously reported excessive
intake of HFD results in elevated liver fat contents, oxidative damage and abnormal
inflammatory responses in obese rat models fed with HFD for 12 weeks. Subsequently,
the supplementation of H. itama bee bread, concurrently given with the HFD for the same
period exerted its hepatoprotective effect against the above parameters [40]. In addition,
the latest study by Li et al. 2021 [41] also demonstrated the anti-lipogenic effect of bee bread
against FAS and ACC levels in the HFD-induced fatty liver disease rat model. Hence, to
date it is not known whether H. itama bee bread has a therapeutic effect in treating MAFLD
after the induction of obesity in the animal model.

In the present study, we found that H. itama bee bread is rich in phenols
(2-hydroxycinnamic acid, trans 3-hydroxycinnamic acid, trans ferulic acids) and flavonoids
(caffeic acid, apigenin, kaempferol, quercetin, mangiferin). The highest amount of com-
pound found in both aqueous and methanol extracts of this bee bread was trans
3-hydroxycinnamic acid, followed by 2-hydroxycinnamic acid and quercetin. This finding
is consistent with the Indian and Romanian bee bread samples which demonstrated a
relatively high amount of hydroxycinnamic acid derivatives, quercetin and kaempferol [72].
However, it is suggested that the exact amount of each phenolic compound present in the
H. itama bee bread is further quantitated in future studies. Both hydroxycinnamic acid
derivatives and quercetin exhibit numerous biological and pharmacological effects, such
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as anti-obesity, anti-lipid, antioxidant and anti-inflammatory activities, and the potential
therapeutic benefits in experimental diabetes and hyperlipidemia [73–77]. Our results
suggest that H. itama bee bread may serve as the treatment for obesity-related metabolic
disorders including hyperglycemia, insulin resistance and hyperlipidemia in MAFLD. We
also focused on and demonstrated the therapeutic effects of H. itama bee bread in inhibiting
Keap1, activating the Nrf2 antioxidant pathway and then restoring the dysregulation of
genes associated with hepatic lipid metabolism such as SREBP-1c, FAS, PPARα and CPT1α,
as well as its modulators such as SIRT1 and AMPK, being consistent with its increase in
glycogen accumulation and reduction in hepatic steatosis and progression towards NASH
in the liver of obese male rats.

The present study demonstrated significant increases in the Lee obesity index and
body weight gain in the obese group than those in the control group, which are consistent
with our previously published reports [40,78]. Furthermore, excess energy or calorie intake
following consumption of HFD led to an increased accumulation of lipids in the adipocytes,
hence resulting in an increased Lee obesity index and body weight gain in this group, as
reported by previous studies [33,37]. H. itama bee bread was able to reduce these parameters
significantly although no changes in food and calorie intakes were observed in this group,
compared to the obese group. These results demonstrated the anti-obesity effect of H. itama
bee bread in which it increased weight loss without reducing the food intake; hence, these
results were in line with previous published studies [33,37,40].

Indeed, many studies have reported the presence of a strong relationship between
obesity and impaired insulin sensitivity including a reduction in the number of insulin
receptors and receptor function defects, leading to hyperglycemia, hyperinsulinemia and
insulin resistance [16,79–81]. The present study demonstrated that long-term intake of an
HFD significantly elevated the fasting blood glucose and insulin levels in the obese group
than those in the control group, meanwhile H. itama bee bread supplementation markedly
reduced these parameters. In addition, the HOMA-IR index was also used in the present
study, which is a common indicator to evaluate insulin sensitivity, insulin resistance and
pancreatic β-cell function in diabetic patients [82,83]. Our present research showed that
the HOMA-IR index was significantly increased in the obese group than in the control
group, meanwhile, the HOMA-IR index was significantly reduced in the bee bread group
compared with the obese group. These results showed that H. itama bee bread treatment
alleviated obesity-induced hyperglycemia, hyperinsulinemia and insulin resistance, hence
improving insulin sensitivity [40].

Moreover, hyperlipidemia is also commonly presented in obese patients and rec-
ognized as one of the hallmarks of MAFLD [84,85]. Our findings presented significant
increased TG, TC and LDL-C levels and a significantly reduced HDL-C level in the obese
group than those in the control group, hence indicating the presence of hyperlipidemia in
this group, which is consistent with other previously reported studies in Sprague Dawley
rats fed with HFD [86,87]. The bee bread-treated group showed significantly reduced
serum levels of non-HDL lipids without affecting the level of HDL-C in this group, which
is in agreement with a prior finding by Othman et al. 2021 [34]. The present study, however,
contradicts our previous study using H. itama bee bread on MAFLD’s rat protective model.
The hypolipidemic effect of this bee bread might be attributed to the high amounts of
phenols and flavonoids found in the H. itama bee bread sample as reported in a prior
study [46]. Likewise, a former finding also reported that the potential of bee bread in
reducing the non-HDL lipids might be through the action of saponin present in the bee
bread which interacts with the dietary fat compositions and excretes out the lipids from the
body via the feces [88].

Although the underlying mechanism for the development and progression of MAFLD
is complex and multifactorial, it has been generally believed that MAFLD is a disease
caused by a “second hit” with excessive lipid peroxidation and oxidative stress after
hepatic fat accumulation (hepatic steatosis) that serves as the “first hit” [89]. Overfeeding of
dietary fats causes the liver to become susceptible to toxins and oxidative stress, resulting in
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hepatocyte inflammation by the activation of oxidative stress, pro-inflammatory cytokines
and hepatocyte mitochondrial dysfunction [90]. H. itama bee bread reduced TBARS and
NO levels and increased the activities of SOD, CAT, GPx, GST and GR, as well as the
levels of GSH and TAC in the liver of obese rats. These findings are correlated with
previously reported studies using this bee bread which showed raised antioxidant enzyme
activities in the liver [40], testis [39], aorta [35], heart [34] and renal [36] of the obese
rats. The Nrf2 antioxidant pathway is a central cellular system in its defense against
oxidative stress [91,92]. Suppression of Keap1 activity reduces the production of ROS,
meanwhile Nrf2 knockout leads to an increased accumulation of ROS in mouse primary
hepatocytes [93]. Elevated lipid peroxidation resulting from excess lipid accumulation in
the liver promotes the dissociation of Nrf2 from Keap1 and translocation of Nrf2 from the
cytoplasm into the nucleus to activate the antioxidant pathway by binding to the ARE in the
promoter region of antioxidant and stimulates the expressions of antioxidant enzymes [94].
Recent studies have reported that HFD stimulates liver oxidative stress via the inhibition
of Nrf2 nuclear translocation to suppress the expression of antioxidant enzymes [15,95].
Our present study demonstrated the up-regulated expression of Keap1 and the reduced
translocation of Nrf2 from the cytoplasm into the nucleus in the liver of rats from the
obese group. Meanwhile, H. itama bee bread was found to inhibit Keap1 and promote the
translocation of Nrf2 from the cytoplasm into the nucleus. These results were in parallel
with the increased activities of antioxidant enzymes such as SOD, CAT, GPx, GST and GR
in the liver of the bee bread group. The increased activities of antioxidant enzymes could
be due to increased expressions of antioxidant genes, the measurements of which should be
undertaken in future studies. Keap1 suppression and Nrf2 antioxidant pathway activation
with the high activities of antioxidant enzymes by H. itama bee bread might mitigate HFD-
triggered ROS, subsequently effectively restoring hepatic redox status imbalance in the
obese rats. The beneficial property of H. itama bee bread demonstrated in the present study
might be attributed to its rich sources of phenolic compounds such as hydroxycinnamic
acid derivatives, caffeic acid, gallic acid, ferulic acid, quercetin, apigenin, kaempferol and
mangiferin, which are reported to possess antioxidant properties [44,75,96].

The imbalance between lipid acquisition (i.e., high fatty acid uptake and lipogene-
sis) and removal (i.e., low mitochondrial fatty acid oxidation and export of lipids) can
result in an impaired lipid metabolism which later leads to several metabolic disorders
including obesity, metabolic syndromes and MAFLD [97]. Of note, Nrf2 has been shown to
inhibit ethanol-induced hepatic steatosis in mice [93,98]. Meanwhile, Keap1-knockout with
Nrf2-enhanced mice suppressed ethanol-induced hepatic fat accumulation by reducing the
expressions of SREBP-1 and SCD-1 genes in mice [93]. Similarly, Nrf2 deficiency down-
regulates PPARα but increases SREBP-1c to enhance TG contents in the ethanol-exposed
human hepatocytes cell line, whereas, increased Nrf2 expression reversed these malfunc-
tions [98]. In our study, hyperinsulinemia with increased gene expression of SREBP-1c
and its target gene FAS were found in the obese group compared to the control group.
H. itama bee bread was shown to down-regulate these gene expression levels which might
be accredited to reduced hyperinsulinemia in the bee bread-treated group. These findings
are in line with a previous study using bee bread in HFD-induced fatty liver rats [41]. In
addition, the decreased lipogenesis in this group following H. itama bee bread adminis-
tration might explain the reduced contents of hepatic TG and TC in this group, which is
in line with previous studies [16,99]. Our results demonstrated an impairment in hepatic
fatty acid β-oxidation in the obese group, as indicated by the reductions in PPARα and
CPT1αmRNA levels in this group. These results are in agreement with previous findings
which reported that the disruption in fatty acid β-oxidation is associated with reductions in
PPARα and CPT1α expressions or activities in humans and rodents with MAFLD [100–103].
Our study demonstrated that H. itama bee bread can enhance PPARα and CPT1αmRNA
expression levels, hence increasing the fatty acid β-oxidation in the obese rats treated with
bee bread. Furthermore, the reduced liver TG and TC contents in the bee bread group
might also be attributed to the therapeutic ability of H. itama bee bread in increasing fatty
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acid β-oxidation and ATP production, as well as to reduce inflammation and oxidative
stress [40]. Therefore, the down-regulation of H. itama bee bread on oxidative stress via the
mediation of the Keap1/Nrf2 pathway might play a role in reducing liver lipid deposition
in obese rats.

The liver of obese rats has reduced AMPK activation [104–106]. SIRT1 activates AMPK
expression, promotes AMPK phosphorylation and suppresses SREBP-1c cleavage and
nuclear translocation [20]. Polyphenols including mangiferin, resveratrol, quercetin and
catechin, which were also found in the H. itama bee bread of the present study, have been
reported to be one of the SIRT1 inducers and improve hepatic lipid metabolism via the pro-
motion of the SIRT1/AMPK pathway in vitro and in vivo of the MAFLD model [99,107,108].
Moreover, treatment with bee pollen polysaccharide from Rosa rugosa alleviated hepatic
steatosis and insulin resistance by promoting the phosphorylation of AMPK in HepG2
cells and HFD-induced animal models [109]. Previous findings have demonstrated that
excessive lipid deposition in the liver can restrain the AMPK substrate ACC phosphory-
lation, promoting lipid synthesis [71]. A reduced level of AMPK may result in excessive
hepatic lipid accumulation, accelerating steatosis and MAFLD, hence further demonstrat-
ing that AMPK is an energy sensor regulator to maintain lipid and glucose metabolism
in the liver. It is also has been reported that the activation of AMPK promotes the Nrf2
antioxidant pathway [110,111]. In this study, we demonstrated that H. itama bee bread
treatment significantly elevated SIRT1 and AMPK levels and the results were consistent
with the reduced insulin resistance levels of lipogenic genes SREBP-1c and FAS, as well as
levels of TG and TC in the liver, which might be accredited to its activation on Keap1/Nrf2
signaling pathway. However, it is suggested that the level of activated AMPK (p-AMPK) is
measured in future studies to further support these findings.

Prolonged intake of HFD leads the liver to store more TGs, causing hepatic steatosis
and stimulating the development of NASH, which can further progress to fibrosis and
cirrhosis [112]. In the present study, the histopathological finding using H&E staining
also revealed that the liver of rats in the obese group demonstrated pronounced hepatic
steatosis, hepatocyte hypertrophy and hepatocellular inflammation, resulting in an elevated
NAS score, hence indicating the presence of active NASH in this group. H. itama bee bread
treatment mitigated hepatic steatosis and inflammation, significantly reducing the NAS
score and preventing NASH in comparison with the rats in the obese group. These results
further support our previous reported data on the beneficial protective effect of H. itama
bee bread against NASH progression in the HFD-induced obese rats [40]. In addition,
peripheral and hepatic insulin resistance, which are linked to the development of MAFLD,
lead to insufficient suppression of hepatic gluconeogenesis, reduced glycogenesis and
elevation in lipogenesis [113]. In the present study, we found that H. itama bee bread was
able to significantly recover the reduced glycogen accumulation in the liver tissue of obese
rats which might indicate that this bee bread could modulate hepatic glycogenesis, increase
insulin sensitivity and maintain the metabolic function of the liver.

5. Conclusions

We found that treatment with H. itama bee bread inhibited Keap1 and activated the
Nrf2 antioxidant pathway with a reduction in oxidative stress in obese rat livers. This
therapeutic potential of H. itama bee bread subsequently improved lipid metabolism-related
genes (SREBP-1c, FAS, PPARα and CPT1α) and its regulators SIRT1 and AMPK; hence,
lipid accumulation and the progression of NASH were alleviated in the liver of obese rats.
These improvements might be partly attributed to the presence of phenolic compounds in
the H. itama bee bread which activate the Keap1/Nrf2 signaling pathway.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antiox11112190/s1, Table S1: Lee obesity index and liver enzymes, Figure S1: Histology of liver.
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32. Baltrušaitytė, V.; Venskutonis, P.R.; Čeksterytė, V. Antibacterial activity of honey and beebread of different origin against S. aureus
and S. epidermidis. Food Technol. Biotechnol. 2007, 45, 201–208. Available online: https://web.p.ebscohost.com/ehost/detail/detail?
vid=0&sid=55dd179b-73d0-46bd-83dd-2a2087e2c989%40redis&bdata=#AN=25978276&db=fsr (accessed on 26 February 2018).

33. Othman, Z.A.; Ghazali, W.S.W.; Noordin, L.; Yusof, N.A.M.; Mohamed, M. Phenolic compounds and the anti-atherogenic effect of
bee bread in high-fat diet-induced obese rats. Antioxidants 2020, 9, 33. [CrossRef] [PubMed]

34. Othman, Z.A.; Zakaria, Z.; Suleiman, J.B.; Nna, V.U.; Romli, A.C.; Ghazali, W.S.W.; Mohamed, M. Bee bread ameliorates vascular
inflammation and impaired vasorelaxation in obesity-induced vascular damage rat model: The role of eNOS/NO/cGMP-
signaling pathway. Int. J. Mol. Sci. 2021, 22, 4225. [CrossRef]

35. Othman, Z.A.; Zakaria, Z.; Suleiman, J.B.; Jalil, N.A.C.; Ghazali, W.S.W.; Mohamed, M. Bee bread attenuates the progression of
atherosclerosis by activating Nrf2/Keap1 and modulating TNF-α/NF-κβ-associated mast cell migration and a mitochondrial-
dependent apoptotic pathway in the obese rat model. Food Funct. 2022, 13, 8119–8130. [CrossRef]

36. Eleazu, C.; Suleiman, J.B.; Othman, Z.A.; Zakaria, Z.; Nna, V.U.; Hussain, N.H.N.; Mohamed, M. Bee bread attenuates high fat
diet induced renal pathology in obese rats via modulation of oxidative stress, downregulation of NF-kB mediated inflammation
and Bax signalling. Arch. Physiol. Biochem. 2020, 128, 1088–1104. [CrossRef] [PubMed]

37. Suleiman, J.B.; Abu Bakar, A.B.; Noor, M.M.; Nna, V.U.; Othman, Z.A.; Zakaria, Z.; Eleazu, C.O.; Mohamed, M. Bee bread
mitigates downregulation of steroidogenic genes, decreased spermatogenesis, and epididymal oxidative stress in male rats fed
with high-fat diet. Am. J. Physiol. Endocrinol. Metab. 2021, 321, e351–e366. [CrossRef] [PubMed]

38. Suleiman, J.B.; Nna, V.U.; Zakaria, Z.; Othman, Z.A.; Eleazu, C.O.; Bakar, A.B.A.; Ahmad, A.; Usman, U.Z.; Rahman, W.F.W.A.;
Mohamed, M. Protective effects of bee bread on testicular oxidative stress, NF-κB-mediated inflammation, apoptosis and lactate
transport decline in obese male rats. Biomed. Pharmacother. 2020, 131, 110781. [CrossRef] [PubMed]

230



Antioxidants 2022, 11, 2190

39. Suleiman, J.B.; Mohamed, M.; Bakar, A.B.A.; Zakaria, Z.; Othman, Z.A.; NNa, V.U. Therapeutic effects of bee bread on obesity-
induced testicular-derived oxidative stress, inflammation, and apoptosis in high-fat diet obese rat model. Antioxidants 2022,
11, 255. [CrossRef] [PubMed]

40. Zakaria, Z.; Othman, Z.A.; Suleiman, J.B.; Jalil, N.A.C.; Ghazali, W.S.W.; Nna, V.U.; Mohamed, M. Hepatoprotective effect of
bee bread in metabolic dysfunction-associated fatty liver disease (MAFLD) rats: Impact on oxidative stress and inflammation.
Antioxidants 2021, 10, 2031. [CrossRef]

41. Li, Z.; Huang, Q.; Liu, Y.; Peng, C.; Zeng, Z. Natural bee bread positively regulates lipid metabolism in rats. Int. J. Agric. Sci. Food
Technol. 2021, 7, 266–271. [CrossRef]

42. Tanaka, M.; Sato, A.; Kishimoto, Y.; Mabashi-Asazuma, H.; Kondo, K.; Iida, K. Gallic acid inhibits lipid accumulation via AMPK
pathway and suppresses apoptosis and macrophage-mediated inflammation in hepatocytes. Nutrients 2020, 12, 1479. [CrossRef]

43. Lu, J.; Meng, Z.; Cheng, B.; Liu, M.; Tao, S.; Guan, S. Apigenin reduces the excessive accumulation of lipids induced by palmitic
acid via the AMPK signaling pathway in HepG2 cells. Exp. Ther. Med. 2019, 18, 2965–2971. [CrossRef] [PubMed]

44. Tian, C.; Liu, X.; Chang, Y.; Wang, R.; Lv, T.; Cui, C.; Liu, M. Investigation of the anti-inflammatory and antioxidant activities of
luteolin, kaempferol, apigenin and quercetin. Afr. J. Bot. 2021, 137, 257–264. [CrossRef]

45. Bian, Y.; Lei, J.; Zhong, J.; Wang, B.; Wan, Y.; Li, J.; Liao, C.; He, Y.; Liu, Z.; Ito, K.; et al. Kaempferol reduces obesity, prevents
intestinal inflammation, and modulates gut microbiota in high-fat diet mice. J. Nutr. Biochem. 2021, 99, 108840. [CrossRef]

46. Suleiman, J.B.; Mohamed, M.; Bakar, A.B.A.; Nna, V.U.; Zakaria, Z.; Othman, Z.A.; Aroyehun, A.B. Chemical Profile, Antioxidant
Properties and Antimicrobial Activities of Malaysian Heterotrigona itama Bee Bread. Molecules 2021, 26, 4943. [CrossRef]

47. Othman, Z.A.; Noordin, L.; Omar, N.; Mohd Yusof, N.A.; Mohamaed, M. Protective Effects of orlistat on lipid profile, cardiac
oxidative stress biomarkers and histology in high-fat diet-induced obese rats. IIUM Med. J. Malays. 2019, 18, 1–6. [CrossRef]

48. Bellinger, L.L.; Bernardis, L.L. Effect of dorsomedial hypothalamic nuclei knife cuts on ingestive behavior. Am. J. Physiol. Integr.
Comp. Physiol. 1999, 276, R1772–R1779. [CrossRef]

49. Malafaia, A.B.; Nassif, P.A.N.; Ribas, C.A.P.M.; Ariede, B.L.; Sue, K.N.; Cruz, M.A. Obesity induction with high fat sucrose in rats.
ABCD Arquiros Bras. Cir. Dig. 2013, 26, 17–21. [CrossRef]

50. Zaitone, S.A.; Essawy, S. Addition of a low dose of rimonabant to orlistat therapy decreases weight gain and reduces adiposity in
dietary obese rats. Clin. Exp. Pharmacol. Physiol. 2012, 39, 551–559. [CrossRef]

51. Roza, N.A.; Possignolo, L.F.; Palanch, A.C.; Gontijo, J.A. Effect of long-term high-fat diet intake on peripheral insulin sensibility,
blood pressure, and renal function in female rats. Food Nutr. Res. 2016, 60, 28536. [CrossRef]

52. Friedewald, W.T.; Levy, R.I.; Fredrickson, D.S. Estimation of the concentration of low-density lipoprotein cholesterol in plasma,
without use of the preparative ultracentrifuge. Clin. Chem. 1972, 18, 499–502. [CrossRef]

53. Chatterjee, P.K.; Cuzzocrea, S.; Brown, P.A.; Zacharowski, K.; Stewart, K.N.; Mota-Filipe, H.; Thiemermann, C. Tempol, a
membrane-permeable radical scavenger, reduces oxidant stress-mediated renal dysfunction and injury in the rat. Kidney Int. 2000,
58, 658–673. [CrossRef] [PubMed]

54. Al Batran, R.; Al-Bayaty, F.; Jamil Al-Obaidi, M.M.; Abdualkader, A.M.; Hadi, H.A.; Ali, H.M.; Abdulla, M.A. In vivo antioxidant
and antiulcer activity of Parkia speciosa ethanolic leaf extract against ethanol-induced gastric ulcer in rats. PLoS ONE 2013,
8, e64751. [CrossRef] [PubMed]

55. Góth, L. A simple method for determination of serum catalase activity and revision of reference range. Clin. Chim. Acta 1991, 196,
143–151. [CrossRef]
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Abstract: Bee pollen is a hive product made up of flower pollen grains, nectar, and bee salivary
secretions that beekeepers can collect without damaging the hive. Bee pollen, also called bee-
collected pollen, contains a wide range of nutritious elements, including proteins, carbs, lipids, and
dietary fibers, as well as bioactive micronutrients including vitamins, minerals, phenolic, and volatile
compounds. Because of this composition of high quality, this product has been gaining prominence as
a functional food, and studies have been conducted to show and establish its therapeutic potential for
medical and food applications. In this context, this work aimed to provide a meticulous summary of
the most relevant data about bee pollen, its composition—especially the phenolic compounds—and
its biological and/or therapeutic properties as well as the involved molecular pathways.

Keywords: bee pollen; composition; medicinal properties; functional food

1. Introduction

The pollen grain is the male flower’s reproductive organ; in other words, it carries
the organ that carries the male gametes to their progenitor cells. It is produced and spread
by higher plants as part of their reproductive process [1]. Bee pollen is the final result
of the agglutination of pollen grains harvested by worker bees, held together by nectar
and/or honey, and gland secretions, and collected at the hive entrance [2]. It is among the
most important bee products gaining popularity as a functional food due to its high con-
centration of bioactive compounds known for their benefits for both mental and physical
health, such as proteins, dietary fibers, lipids, carbohydrates, and minerals [3]. Further-
more, bee pollen is known as “the perfectly complete food” due to its strong antioxidant
potential and the presence of antioxidant compounds such as polyphenols, flavonoids,
carotenoids, and vitamins (A, C, and E) giving this product a high antioxidant potential
and making it the latest trend in dietary supplements [4]. Because of this high load of
natural bioactive molecules, various scientific studies have reported that bee pollen pos-
sesses a wide spectrum of biological properties such as antioxidant [5], hypoglycemic [6],
anti-inflammatory [7], antibacterial [8], and anticancer [9]. As a result of all of this, the
German Federal Ministry of Health has formally acknowledged bee pollen as a drug. [10].
This paper aims to provide a comprehensive overview of bee pollen in terms of bee pollen
harvesting, chemical and nutritional content, and, finally, its biological and therapeutic char-
acteristics. Furthermore, we intended to unveil for the first time the proposed mechanism
of action and the involved biomolecular pathways of the various bioactive compounds
of bee pollen that are responsible for the improvement of oxidative stress and associated
health conditions.
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2. Methodology

The following online databases were employed to collect the literature data for this
paper: Science Direct, Google Scholar, Web of Science, Pub-Med, and Scopus, using the
keywords: “bee pollen”; “bee-collected pollen”; “chemical composition of bee pollen”;
“therapeutic effect of bee pollen”; “functional effect of bee pollen”, “protective effect of bee
pollen”, and “nutritional value of bee pollen”. After collecting and reviewing all selected
articles, their general ideas were summarized and used in this review.

3. Bee Pollen: From Flowers to the Hive

It is commonly known that nectar and pollen grains are the main sources of nutrients
required for the survival and health of bee colonies. Nectar is mainly produced by the
nectariferous glands of plants and serves as the raw material for honey production [11],
whereas pollen grains represent the plant’s male gametophyte. They take the form of
fine dust with tiny particles that vary in color based on the floral origin [12]. Flower
nectar provides bees with carbon and nitrogen, while pollen grains provide other dietary
components such as lipids, proteins, vitamins, and minerals [13,14].

The flower–bee interaction is a mutualistic relationship in which the flowers reproduce
sexually and the bees feed on nectar and pollen [14]. In this respect, plants adopt many
techniques to be pollinated and reproduce, including the coloration of their petals and the
emission of scents known as pheromones [15]. Worker honeybees perform hundreds of
flights to blooms to collect the necessary amount of pollen and nectar [16]. The honeybees’
behavior of gathering nectar and pollen is known as “foraging” and it is highly vital and
necessary for the survival of bee colonies. Foraging is a behavior that develops in worker
bees between the ages of one and two weeks [17]. Young foraging bees conduct many
scouting flights to become acquainted, and at the age of 21 days, they will leave their hives
to seek and gather nectar, honeydew, pollen, water, and many essential elements, as well as
the resin used to maintain the hive’s asepsis [18,19]. Foraging bees use their proboscis to
collect nectar and water by pumping and capillarity; the liquids are stored in the foragers’
crops until they are discharged to the other workers in the hive [20], who then use their
hind legs coated with short stiff hairs called “scopae” to squeeze the collected pollen grains
into pollen balls using their saliva and honey, which they finally place into their pollen
baskets [16]. The majority of bees have developed specialized mechanisms for transporting
pollen to their nests and have adjusted their grooming behaviors to transfer pollen from
their bodies to the hive [21].

When the foraging bees arrive at the hive, they cover the pollen balls with saliva, then
compact the alveoli with a layer of pollen balls and honey, and finally cap them with a layer
of wax [22].

Lactic fermentation occurs at this stage due to the participation of lactic bacteria strains
that proliferate inside the hives [14]. These bacteria are Pseudomonas, which consumes
oxygen and creates an anaerobic environment; Lactobacillus, which converts carbohydrates
into lactic acid; and finally, Saccharomyces, which ensures the metabolism of the rest of
the sugars that exist in the medium. These reaction chains reduce the environment’s pH,
prevent pollen germination, and improve bee pollen absorption capacity and nutritional
value [23]. When bee-collected pollen is completely fermented, it becomes “bee bread,”
which provides additional proteins for bees, particularly during the period of royal jelly
production, as well as nutrition for larvae, and future workers who are fed a diet of pollen,
honey, and a small quantity of royal jelly [18].

4. Chemical Composition

Bee pollen is one of the magical superfoods due to its extremely wide range of nu-
tritional compounds and microelements. However, this composition may be affected by
botanical origin, harvesting season, and storage methods (freeze-drying duration). Consid-
ering this large variability, its nutritional and chemical composition has been extensively
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studied, summarized, and standardized. In this section, we assembled the main macro-
and micronutrients of bee-collected pollen.

4.1. Main Compound
4.1.1. Water

Several studies have succeeded in quantifying the water content in bee pollen samples,
the results obtained being largely variable and dependent on storage conditions (fresh or
dried bee pollen), botanical, and geographical origins [24].

In fresh bee-collected pollen, water content varies between 20 and 30% [2]. How-
ever, this high humidity is considered a favorable environment for bacterial and fungal
growth [25–27]. As a result, the bee pollen freezing process must begin immediately af-
ter harvesting [28]. Other researchers prefer the nitrogen processing of fresh bee pollen
to preserve the optimal microbiological and nutritional properties [29]. Meanwhile, the
maximum water content allowed in dried bee pollen depends on the country and must
not exceed 4% according to the Brazilian legislation, 6% in Poland and Switzerland, 8% in
Argentina, and 10% in Bulgaria [2,24,30–33]. Thus, the moisture content can be used as a
bee pollen quality criterion.

4.1.2. Protein Content

The production of protein for human consumption as well as defining the need for
protein, evaluating its quality to meet human needs, and managing the consequences of
variations in dietary protein intake are considered major public health issues. Consequently,
it is necessary to ensure a sufficient daily supply of protein of good biological quality, since
the human body is unable to store it. Therefore, bee pollen, which has high protein content,
could guarantee an ideal diet in terms of protein requirement. In addition, pollen is the
principal source of protein for bees, providing the necessary elements for their longevity,
organ development, larva growth, and body size [34,35]. Proteins also provide essential
substances for royal jelly production in the hive [36].The protein content is highly variable
between plant species and harvesting geographic areas [37] and varies between 10 and 40%
of pollen dry weight [2].

4.1.3. Amino Acids

Amino acids are crucial not only for protein synthesis but also for the biosynthesis
of hormones as well as other molecules with a biological role. Nutritionally, two kinds of
amino acids are distinguished, namely, the essential amino acids that the human organism
cannot synthesize, and non-essential amino acids that our body has all the machinery to
synthesize. In the same context, bee-collected pollen is often considered the “most natural
perfect food” because it is a great source of all essential amino acids needed in honey
bee and human nutrition [38,39]. This content varies strongly from species to species and
depends on botanical and geographical origin, climatic conditions, and nutrient availability
in the plant [37,40,41]. Therefore, the amino acid amount can be used as an indicator of
freshness, storage, and drying process adequacy [3,42].

The total amino acid content in bee pollen has been quantified by many researchers,
and it generally ranges between 108.1 and 287.7 mg/g of bee pollen [43]. Concerning the
amino acid profile, De-Melo and Almeida-Muradian have reported twenty-five amino
acids, eight of which are essential (valine, leucine, isoleucine, lysine, phenylalanine, thre-
onine, histidine, and methionine). Tryptophan is usually undetectable because of the
hydrolysis method employed in the determination of the amino acids. However, trypto-
phan was detected in Chinese, Slovenian, Spanish, and Italian bee pollen using specific
high-performance liquid chromatography methods [44–46]. The remaining amino acids
are non-essential, such as aspartic acid, alanine, glycine, glutamine, arginine, asparagine,
glutamic acid, serine, tyrosine, cystine, cysteine, γ-aminobutyric acid (GABA), ornithine,
proline, and homoserine [3]. It has been reported that proline is the most abundant amino
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acid in dried bee pollen from many countries, while glutamic acid is the main amino acid
in freshly collected bee pollen [3,44,47].

4.1.4. Carbohydrates

Bee pollen is composed of pollen mixed with nectar, and the bee’s salivary secretions.
Carbohydrates are the major fraction of bee pollen (13–55%), they are mainly polysaccha-
rides and cell wall material [2]. Carbohydrates can be affected by botanical and geographical
origin, harvesting methods, and conditioning processes such as high temperature when
drying fresh bee pollen [48].

• Sugar

Sugar content is the most important quality parameter in bee pollen characterization
studies and should not be less than 40 % [2]. Nevertheless, sugars are generally neglected
or included in the total carbohydrates which also regroups the dietary fiber and starch [49].
The sugar composition of bee pollen has been assessed by many studies either as reducing
sugar [50–54] or as individual sugars [41,44,49,55,56] and all showed a predominance of
glucose and fructose as monosaccharides which represented the major amount of sugar
fraction. Sucrose, maltose, trehalose, turanose, and melezitose have been identified in
previous studies [49,57]. The sugar content and profile can be considerably influenced
by nectar added by bees during the packaging and storage of bee-collected pollen [50,58].
Floral source, drying process, and extraction methods can also greatly affect the sugar
content [48,56]

Mannitol is a polyol previously identified and isolated in high concentrations from
bee pollen collected by stingless bee Melipona subnitida from Jandaíra, Brazil, Tetragonula
biroi Friese from the Philippines, and Trigona from Malaysia [41,59,60]. According to these
authors, the significant amount of mannitol did not depend on the floral origin, and it is
supposed that the previous stingless bee species are capable of converting the glucose and
fructose mainly found in flowers into mannitol via their salivary enzymes.

On this basis, sugars can be considered as an additional parameter for establishing
quality standards for bee pollen.

• Dietary fibers

Dietary fibers describe the soluble and insoluble fraction of fibers from plant-based
foods, which include hemicellulose, cellulose, lignin, oligosaccharides, pectins, gums,
and waxes; these compounds are resistant to digestive enzymes, thus they are neither
hydrolyzed nor absorbed in the intestinal tract [61,62]. Many recent studies have sup-
ported the crucial physiological role of dietary fibers in the human body; indeed, they
are involved in type 2 diabetes management by the selective promotion of certain gut
microbiota [63,64]. A high-fiber diet was found to be effective in many conditions such
as obesity-related disorders, cardiovascular diseases, constipation, inflammatory bowel
diseases, and colon cancers [65–69]. Regarding this, bee pollen can be a good source of
dietary fiber, especially crude fibers. Despite the importance of bee pollen in the human diet,
few characterization studies have focused on the determination of the dietary fiber content
of bee pollen. According to Compos et al., total dietary fiber should range between 0.3 and
20 g/100 g of bee pollen dry weight [2]. Dietary fiber content has been reported by a few
studies. For instance, a recent study carried out on Slovenian bee pollen showed a range of
10–21.4 g/100 g dry weight bee pollen with 73–82% of crude fiber [49]. Brazilian researchers
reported an average of 3.6 ± 1.4 g/100 g of dry weight bee pollen [54]. Colombian bee
pollen has also been characterized, and the results showed an average of 14.5 ± 3.5 g/100 g
dry weight [70], while El-Kazafy recorded that different Egyptian bee pollen showed a
range of 0.15 ± 0.01 and 1.70 ± 0.02 g/100 g dry weight bee pollen [47]. Dietary fiber
content may vary according to the botanical origin and methods used during hydrolysis.
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4.1.5. Lipid and Fat Content

Physiologically, the human body uses a variety of biosynthetic pathways to synthesize
lipids; however, some important lipids cannot be obtained through biosynthesis and must
be obtained from food. Essential fatty acids (especially omega-3 fatty acids) are involved in
many biological functions and play an important role in the prevention of inflammatory and
cardiovascular diseases and hormone-dependent tumors. [71,72]. Indeed, bee pollen can be
a great source of these compounds since they are crucial for royal jelly production [73]. The
lipidic fraction is most attractive for bees, and thus plants with high lipid concentration
pollen are more frequently visited [37]. According to Campos et al., lipid content ranges
between 1–13 g/100 g [2], while De-Melo and Almeida-Muradian, reported that the total
lipid fraction can reach 22 g/100 g [3]. In the same context, Thakur et al. and De-Melo et al.
have reported a huge variation of lipid content in monofloral bee pollen from different
countries; Brassica napus bee pollen from Brazil, China, India, and Greece showed a total
lipid content of 7.4%, 6.6 %, 12.38%, and 7.76% respectively; Cistus bee pollen from Italy,
Spain, and Greece showed a total lipid content of −1.9%, 7.2%, and 3.80% respectively.
Cocos nucifera bee pollen from India and Brazil showed 10.43% and 4.6–5.1% total lipid
content [3,73].

The lipid profile of bee pollen has been barely investigated while most research studies
have focused on the protein, carbohydrate, and antioxidant content. According to Ares et al.,
carotenoids, steroids, and fatty acids are the main constituents of bee pollen’s total lipid
fraction [52]. A study conducted by Li et al. on three monofloral bee pollen samples
from China suggested the presence of nine lipid classes, including triglycerides and fatty
acids [74].

The fatty acid profile of bee pollen varies between saturated fatty acids, which include
mainly the myristic, stearic, and palmitic acids, and unsaturated fatty acids, which include
the oleic, α-linolenic (omega-3), and linoleic (omega-6) acids. This fraction is the most dom-
inant in bee pollen [4,44,73,75–77]. Other lipid classes such as phospholipids, triterpenes
(oleanolic and ursolic acids), and plant sterols (β-sitosterol) have been isolated from bee
pollen in smaller amounts [4,36,76]. All these studies have reported that the lipid content
in the studied bee pollen depends on botanical origin, harvesting season, drying, storage,
and beekeeping methods.

4.2. Micronutrients

Micronutrients include minerals and vitamins that are not involved in the energetic
balance but are essential for all chemical reactions and for the maintenance of life. Mi-
cronutrients are required in small amounts by the body for its growth and development
from birth to old age. In a recent report (2020), most food and health organizations es-
timated that more than two billion people globally suffer from micronutrient deficiency
occurring due to an insufficient intake or impaired absorption of vitamins and miner-
als [78,79]. Generally, micronutrient deficiency is considered a global health concern for
all ages. During pregnancy, this deficiency has a devastating effect on both the mother
and her fetus, being associated with anemia, hypertension, gestational diabetes, thyroid
disorders, obstetric complications, and failure in the growth and development of the fetus,
among other conditions [80–84]. During childhood, micronutrient insufficiency may affect
the mental and physical development of the children and increase their vulnerability to
and exacerbation of diseases such as impaired host defense and infections, developmental
disabilities, autism, ocular disorders, and general loss of energy and potential [85–87].
The elderly population is also vulnerable to micronutrient deficiencies, which can lead
to many age-related diseases such as mild cognitive decline, high risk of type 2 diabetes,
cardiovascular diseases, acute respiratory infections especially coronavirus infection, and
immune function impairments [88–91]. Based on what has been stated above, it is clear
that maintaining a micronutrient-rich diet may provide enough protection against all of
these pathologies. This protection can be guaranteed by consuming a large variety of
well-balanced and rich natural products such as bee pollen.
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4.2.1. Minerals

There are around twenty minerals that are essential in the human diet and are classified
as macro-elements and oligo-elements, also known as trace elements. Mineral deficiency
in the human body causes several metabolic problems and severe developmental defects
in pregnancy, and significantly affects the individual’s wellness and economic output [92].
Bee pollen is a good source of essential minerals for the development of bees as well as
humans, which represent 2–6% of its content, with about 25 elements [2]. This makes bee
pollen an interesting value-added product.

Potassium (K) is the principal mineral element found in high concentrations in bee
pollen (400–2000 mg/100 g of bee pollen), and 15 g of bee pollen covers up to 25% of the
recommended daily intake (RDI) of this element (2000 mg/day). Phosphorus (P) is the
second element mainly present in bee pollen (0.80–6 mg/100 g of bee pollen), covering
16% of the RDI (1000 mg/day) of 15 g of bee pollen. The third important element is
magnesium (Mg; 20–300 mg/100 g of bee pollen) which covers up to 23% of the RDI of
this element (350 mg/day) of 15 g of bee pollen. Calcium (Ca) is also widely present in
pollen (20–300 mg/100 g of pollen) and covers 7% of the RDI (1100 mg/day) of calcium.
These elements are known for their crucial role in bone tissue formation by maintaining
the proper osmotic pressure of blood as well as cellular fluids. Iron (Fe), zinc (Zn), copper
(Cu), and manganese (Mn) are also microelements present in large quantities in bee pollen,
covering up to 37%, 79%, 36%, and 85% of the respective RDIs. These trace elements play an
important role in blood formation and also in the growth, development, and reproduction
process [2,28,93,94].

There are other trace elements such as cobalt (Co), selenium (Se), molybdenum (Mo),
and boron (B) which have been identified in bee pollen from different countries. Adequate
intake of these trace elements is necessary to support bone and brain health, they play a key
role in the maintenance of vitamin structure, reproduction, thyroid hormone metabolism,
DNA synthesis, and protection against oxidative damage and infections [3,95–97].

Sodium (Na) is also a macro-element present in bee pollen; however, its content
remains below 2 g/kg with a high K/Na ratio, and this ratio makes bee pollen beneficial
and safe for daily diets with a good electrolyte balance [3]. The mineral content of bee
pollen is recommended as a distinct marker of its floral and geographical origin as well as
its quality [5,73].

4.2.2. Vitamins

Vitamins are a class of nutrients or organic compounds essential for the body not
synthesized by humans, except for vitamins D, K, and biotin (B7), where vitamin D is
synthesized in the body by irradiating skin sterols with UV rays, while biotin and vitamin
K are present in certain foods but can also be synthesized by the human intestinal flora.
Therefore, the essential vitamins must be daily ingested from food to prevent metabolic
disorders related to vitamin deficiencies due to their major role in the synthesis of vital
cofactors, enzymes, and metabolic reactions based on coenzymes [98–100]. Bee pollen is
considered a “vitamin bomb” due to the presence of almost all vitamins with an average
of 0.02–0.7% of its total content, with a higher amount of water-soluble than fat-soluble
vitamins [4,101]. Table 1 summarizes the different vitamins identified in different samples
of bee pollen with different floral species and geographical origins.
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Table 1. Summary of the different vitamins isolated from bee pollen.

Identified Vitamins Apiaries Floral Origin Isolation Methods References

A, B1, B2, B5, B6, B7,
B12, C, E, K2 Turkey monofloral bee pollen of

Rhododendron ponticum
HPLC-FLD
HPLC-UV [102]

β-Carotene
Vit. C Portugal

Polyfloral bee pollen of:
Rubus spp.; Castanea; sativa;

Cytisus spp.; Quercus spp.; Echium
spp.; Prunus spp.; Leontondon spp.;
Eucalyptus spp.; Erica spp.; Cistus

spp.; Trifolium spp.

(NH4)2SO4 for
β-Carotene

AOAC for vitamin-C
[103]

B2, B3, B6, B9 Italy

Polyfloral bee pollen of:
Prunu; Erica; Brassicaceae;

Rubus; Viburnum
Viburnum; Trifolium pratense;

Asteraceae T.; Eucalyptus; Rosa spp.

Fluorescence
spectroscopy (Bulk

analysis)
[104]

B1, B2, B6 Brazil

Polyfloral bee pollen of:
Arecaceae; Cecropia; Cestrum;

Cyperaceae; Eucalyptus; Ilex; Myrcia;
Piper; Vernonia; Trema

HPLC [105]

B3 (Niacin);
B6 (Pyridoxine)
B9 (Folic acid)

B12 (Cobalamin)

Saudi Arabia
Monofloral bee pollen of:

alfalfa; date palm; rape;
summer squash; sunflower

HPLC [75]

C; E; Provit. A
(β-carotene) Brazil ND

Vit C: AOAC
Vit E: HPLC

β-carotene: OCC
[106]

ND: Not determined.

• water-soluble vitamins

B vitamin group (thiamin (B1), riboflavin (B2), PP vitamin or niacin (B3), pantothenic acid
(B5), pyridoxine (B6), biotin (B7), folic acid (B9), and cobalamin (B12)) are the most commonly
identified class of water-soluble vitamins in bee pollen (Table 2) [29,75,104,105,107]. Vitamin C or
L-ascorbic acid is marginally identified because of its deterioration by thermal pretreatments [28].
Water-soluble vitamins, such as B-complex, are not normally stored in the body in significant
amounts, necessitating a daily intake of these vitamins. This group of vitamins plays a key
role in host immunity, dermatology, and cellular energy production (B1, B2); they facilitate the
production of amino acids and improve their metabolism (B6); and help the body to convert car-
bohydrates into glucose (B3 or PP). Water-soluble vitamin deficiencies triggered by malnutrition
can be the origin of certain metabolic and nervous pathologies [108]. Regarding its high content
of water-soluble vitamins, bee pollen could be one of their potential sources.

• Fat-soluble vitamins

Bee pollen contains fat-soluble vitamins such as vitamin D, K, E, and A (β-Carotene)
with low and variable amounts depending on the botanical origin and the season of
collection [73,109,110].

The family of vitamins E is commonly called tocochromanols (tocopherols and tocotrienols),
and pollen contains in particular the group of tocopherols (α tocopherol, β-tocopherol, γ-
tocopherol, and δ tocopherol) with a dominance of α and γ-tocopherol [56,111]. Vitamin K2
(Menaquinone-4), and two types of vitamin A (β-carotene and retinol) were also detected by
Bayram et al. [102]. Although there are no identification studies of vitamin D listed in the
international literature, Campos, Komosinska-Vassev, and Khalifa et al. cited the presence of
vitamin D in their review articles [36,110,112]. Fat-soluble vitamins are involved in a multitude
of physiological processes such as vision, bone health, immune function, and coagulation [113].
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4.2.3. Carotenoids

Carotenoids are a highly diversified group of yellow- to red-colored polyenes respon-
sible for the colors in many plant-derived products and play an important role in human
health [94]. In bee pollen, β-carotene is the most frequently identified of this class. It is
an antioxidant provitamin with good effects on human health (anti-tumor, anti-leukemic,
and beneficial against cardiovascular diseases) [114]. Besides β-carotene, other carotenoids
such as lutein and cryptoxanthin, zeaxanthin, β-cryptoxanthin, and α-carotene have been
identified [60,115]. The carotenoid content varies according to the botanical origin, harvest
period (climate conditions), drying, and storage condition [2,52,107].

4.3. Pollen Probiotics

Throughout history, bee pollen has been considered a complete food with many
therapeutic virtues, and for this reason, it has been the subject of numerous and diverse
biochemical and microbiological studies. Many studies have been concerned with the
anti-microbial activities of bee pollen, but little is known about its microbiome.

P. Percie du Sert has reported that bees raise lactic ferments in the nectar stored inside
the hive, and this bacteria-rich nectar will be used during their flight to stick pollen grains
on their forelegs, which explains the presence of lactic acid bacteria in freshly harvested
pollen [29]. Several studies have demonstrated that honey bees and bumblebees seem to
have a simple intestinal bacterial fauna which includes acidophilic bacteria, mainly from
the Lactobacillus family such as Lactobacillus kunkeii, Lactobacillus plantarum, Lactobacillus
fermentum; lactobacillus kunkeii; Lactobacillus plantarum; Lactobacillus fermentum; Lactococcus
slactis; Pediococcus acidi lactici; Pediococcus pentosaceus; Lactobacillus ingluviei; and Weissella
cibaria [116–119]. It is now quite clear that the fresh bee pollen bacterial community comes
from the specific bacterial fauna of the bee intestinal gut.

Previous in vitro studies have reported the beneficial effect of the isolated probi-
otic strains of fresh pollen against pathogenic Gram-positive and Gram-negative bacteria
through the high production of bacteriocins, such as organic acids, which can be of major
importance in fighting human infectious diseases [116,120,121]. Lactobacillus strains iso-
lated from fresh bee pollen can survive under human digestive tract conditions such as low
pH, and bile salts. In the same context, the high hydrophobicity and autoaggregation of
fresh bee pollen lactobacillus strains are necessary characteristics for the bacterial adhesion
to the host system, and its protection through biofilm formation over the host intestinal
tissue, making these bacteria promising candidates for use as novel probiotics in the food
and pharmaceutical industries [122]. In a recent Turkish study, another bacterial strain
known as “fructophilic lactic acid bacteria (FLAB)” was isolated from fresh bee pollen and
bee bread samples. FLAB are lactic acid bacteria (LAB) that prefer fructose over glucose as a
carbon source and have been isolated from ecological fructose-rich niches including flowers
and fruits, as well as the gastrointestinal tracts (GIT) of several fructose-based diet insects
such as honeybees [123]. Several studies have shown the beneficial uses of probiotics in
humans against type 2 diabetes, obesity, inflammation, tumors, allergy, metabolic disorders,
and infectious diseases [124–127]. Due to this large bacterial population, bee pollen may
have a promising role in the food and pharmaceutical industries.

4.4. Phenolic Profile and In Vitro Antioxidant Potential of Bee Pollen
4.4.1. Volatile Compounds of Bee Pollen

The volatile content of bee pollen is rarely studied; indeed, two recent studies on
samples from Lithuania, China, and Spain showed the presence of 42 different volatile
compounds, mainly nonanal, dodecane, tridecane, hexane, 6-methyl-5-hepten2-one, methyl
butanoic acid, limonene, and styrene [113,128]. These compounds are mainly found in
flowers and participate in the attracting behavior of pollinators [129]. In other studies (from
Greece and Poland), the results showed the presence of aldehydes, ketones, terpenoids, and
minor amounts of furfural [115,130]. Bee pollen’s aromatic profile is related to the botanical
and geographical origins as well as climatic conditions and bee species [28,113].
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4.4.2. Phenolic Profile of Bee Pollen

Bioactive compounds of bee pollen constitute an important quality criterion. Bee
pollen as a natural product has gained great scientific interest due to its beneficial prop-
erties [131]. Interestingly, bioactive compounds may counteract the installation and/or
development of different pathologies [132]. Therefore, the determination of the phenolic
profile of bee pollen is considered the first step toward the standardization and prediction
of the usefulness of this beehive product. The analysis of their composition revealed that
the polyphenolic content presented an average of 3% to 5% of their composition, depending
on the botanical origin of the bee pollen [133].

Phenolic acids represent an average of 0.19% of bee pollen, and their properties
are mainly related to their structure [132]. Phenolic acids could be divided into benzoic
acids, phenylacetic acid, and cinnamic acids, which are of the greatest interest and exert
a good antioxidant activity as compared to the other phenolic acids groups. The main
molecules of phenolic acids are chlorogenic acid, gallic acid, cinnamic acid, ferulic acid [103],
hydroxycinnamic acid, and coumaric acid [134]. Flavonoids, on the other hand, are the most
important group of polyphenols found in bee pollen with an average of 0.25% and 1.4% of
its total composition; they are an excellent indicator of bee pollen quality [134]. Flavonoids
are mostly found in bee pollen as glycosides (flavonoids associated with sugar units),
with flavonol glycosides being the most abundant. However, the presence of glycoside
bonds decreases the antioxidant activity of flavonols because of the steric effects, the reason
why the content of bee pollen in free flavonoids is a good quality criterion [135,136]. The
main flavonols identified in bee pollen are quercetin, kaempferol, and rutin. The main
flavones are represented by apigenin, chrysin, and luteolin, and flavanones are represented
by naringenin and pinocembrin, while genistein is the major isoflavone identified in bee
pollen [132]. Additionally, resveratrol, the most important stilbene has been isolated by
Ares et al. [137]. Table 2 summarizes the different isolated phenolic compounds with the
different extraction techniques.

Table 2. Summary of the different methods used to determine the different active molecules of pollen.

Country Floral Origin Techniques Phenolic Compounds Name References

Turkey ND HPLC-PDA
detector

gallic acid, 3,4-hydroxybenzoic acid,
(+)-catechin1,2-dihydroxy-benzene, syringic acid, caffeic acid,
rutin trihydrate, p-coumaric acid, trans-ferulic acid, apigenin 7

glucoside, resveratrol, quercetin, trans-cinnamic acid, naringenin,
kaempferol, isorhamnetin

[131]

Turkey Castanea spp. HPLC-DAD rosmarinic acid, vitexin, hyperoside, pinocembrin, trans-chalcone,
apigenin, protocatechuic acid, galangin [133]

Portugal

Monofloral:
Rubus spp., Cystisus
spp., Quercus spp.,

Prunus spp.,
Leontondon spp., Cistus
spp., and Trifolium spp.

Heterofloral:
Castanea sativa and
Echium spp. and ii)

Erica spp., and
Eucalyptus spp.

UHPLC-DAD-
ESI-MS

coumaroyl quinic acid, myricetin-O-rutinoside,
luteolin-O-dihexoside, quercetin-O-dihexoside,

myricetin-O-hexoside, myricetin-O-(malonyl)rutinoside,
isorhamnetin-O-dihexoside, quercetin-O-hexosyl-pentoside,

quercetin-O-rutinoside isomer 1, quercetin-O-rutinoside isomer 2,
luteolin-di-O-hexosyl-rhamosíde,

quercetin-O-(malonyl)rutinoside, isorhamnetin-O-rutinoside,
hydroxybenzoyl myricetin, quercetin-O-(malonyl)hexoside,

quercetin derivative, quercetin-O-rhamnoside,
isorhamnetin-O-(malonyl)hexoside isomer 1,

luteolin-O-(malonyl)hexoside, myricetin,
isorhamnetin-O-(malonyl)hexoside isomer 2,

myricetin-O-dihydroferuloyl protocatechuic acid,
myricetin-O-acetyl hydroxybenzoyl protocatechuic acid-isomer 1,
myricetin-O-acetyl hydroxybenzoyl protocatechuic acid isomer 2,
quercetin-O-acetyl hydroxybenzoyl protocatechuic acid isomer 1,
myricetin-O-acetyl hydroxybenzoyl hydroxybenzoic acid isomer

2, quercetin-O-acetyl hydroxybenzoyl hydroxybenzoic acid
isomer 1, quercetin-O-acetyl hydroxybenzoyl hydroxybenzoic

acid isomer 2, O-dihydroxy benzoyl acetyl malonyl coumaric acid
flavonoid derivative

[103]

242



Antioxidants 2023, 12, 557

Table 2. Cont.

Country Floral Origin Techniques Phenolic Compounds Name References

China Rosa rugosa UPLC-ESI-QTOF-
MS/MS

isorhamnetin 3-O-diglucoside, sorhamnetin-3-O-coumaroyl
glucoside, isorhamnetin-3-O-6-O-acetyl-β-D-glucopyranosy,

kaempferol-3-O-neohesperidoside, N′,N′′,N′′′-Tricaffeoyl
spermidine, N′,N′′,N′′′-Dicaffeoyl p-coumaroyl spermidine,

N′,N′′,N′′′-Di-p-coumaroyl caffeoyl spermidine,
N′,N′′,N′′′-Tri-p-coumaroyl spermidine

[134]

Chile Brassica rapa and
Eschscholzia californica HAPLC-DAD

syringic acid, coumaric acid, sinapic acid, ferulic acid, cinnamic
acid, abscisic acid, catechin, myricetin, quercetin, apigenin,

kaempferol, naringenin, rhamnetin
[135]

Brazil Eucalyptus marginata;
Corymbia calophylla HPLC

gallic acid, 4-hydroxyphenylacetic acid, rutin, resveratrol,
myricetin, quercetin-3-O-glucopyranoside,

kaempferol-3-O-glucoside, kaempferol-3-O-rutinoside,
naringenin, quercetin, phloretine, kaempferol

[136]

Morocco Coriandrum sativum HPLC/DAD/ESI-
MSn

myricetin-3-O-rutinoside, quercetin-diglucoside,
quercetin-3-O-rutinoside, kaempferol-3-O-rutinoside,

isorhamnetin-3-O-rutinoside, isorhamnetin-O-pentosylhexoside,
kaempferol-diglucuronide, isorhamnetin-3-O-glucoside,

quercetin-3-O-rhamnoside, ellagic acid, N1-p-coumaroyl-N5,
N10-dicaffeoylspermidinea, N1,

N10-di-p-coumaroyl-N5-caffeoylspermidine, luteolin,
quercetin-3-methyl-ether, N1,

N5-di-p-coumaroyl-N10-caffeoylspermidine, N1, N5,
N10-tri-pcoumaroylspermidine, N1, N5,
N10-tri-pcoumaroylspermidine, N1, N5,
N10-tri-pcoumaroylspermidine, N1, N5,

N10-tri-pcoumaroylspermidine

[138]

Romania

Hedera, Helianthus,
Cistus, Cornus,

Brassica, Gledistia,
Hedysarum, Trifolium,

Castanea, lamium,
Magnolia, Fraxinus,
Papaver, Crataegus,
Prunus, Rubus, and

Cordiandrum

HPLC-DAD
gallic acid, protocatechuic acid, p-hydroxybenzoic acid, vanillic
acid, caffeic acid, chlorogenic acid, p-coumaric acid, rosmarinic

acid, myricetin, luteolin, quercetin, kaempferol
[139]

Italy

Cistus ladanifer,
Echium, Achillea,

Quercus ilex, Rubus,
Pinaceae, Filipendula,
Trifolium incarnatum,

Trifolium pratense,
Trifolium repens,

Prunus, Pyrus, Malus,
and Oxalis

UHPLC-ESI-
QTOF-MS

cyanidin 3-O-xyloside/arabinoside, delphinidin 3-O-(60
’-p-coumaroyl-glucoside), petunidin 3-O-arabinoside,

pelargonidin 3-O-glucoside, delphinidin 3-O-glucoside,
delphinidin 3-O-glucosyl-glucoside, delphinidin 3-O-rutinoside,

cyanidin 3-O-sophoroside, naringin 60-malonate, naringin
40-O-glucoside, naringenin 7-O-glucoside, apigenin

7-O-(60′-malonyl-apiosyl-glucoside), tetramethylscutellarein,
luteolin 7-O-glucuronide, apigenin 6-C-glucoside, kaempferol

3-O-glucuronide, quercetin 3-O-rutinoside, kamepferol
3,7-O-diglucoside, quercetin 3-O-galactoside 7-O-rhamnoside,

quercetin 3-O-rhamnosyl-galactoside, kaempferol
3-O-sophoroside, 3,7-Dimethylquercetin, dihydroquercetin,

formononetin, genistin, gallic acid ethyl ester, syringic acid, caffeic
acid 4-O-glucoside, caffeoyl glucose, feruloyl glucose, caffeic acid,

sesamol, hydroxytyrosol 4-O-glucoside, curcumin, and
carnosic acid

[140]

Colombia

Cistus ladanifer; Echium
Achillea; Taraxacum;
Carduus; Cirsium;
Vicia; Quercus ilex;

Rubus; Pinaceae;
Filipendula;

Trifolium incarnatum,
Trifolium pratense;
Trifolium repens;

Prunus, Pyrus; Malus
and Oxalis

UHPLC-DAD

Caffeic acid, ferulic acid, S-N1,5,10-tri-ferulic acid isorhamnetin,
kaempferol, luteolin, myricetin, p-coumaric acid,

SP-N1,5,10,14-tetra-p-coumaric acid, pinobanskin, quercetin,
spermidine, spermine, 4-methyl gallic acid, apigenin,

amentoflavone, N1-caffeoyl-N5,10-di-p-coumaroyl-spermidine,
and N1,10-di-pcoumaroyl-N5-caffeoyl-spermidine.

[44]

ND: Not determined.
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4.4.3. In Vitro Antioxidant Activity of Bee Pollen

Oxidative stress is involved in the development of several pathologies such as diabetes,
Alzheimer’s, cancer, atherosclerotic, and other disorders [141]. The use of natural products such
as beehive products including honey, pollen, royal jelly, and propolis as a source of antioxidant
molecules has been supported and suggested to protect human cells from the effects of oxidative
stress by numerous scientific studies [142]. Moreover, the antioxidant activities of bee pollen have
been evaluated in several works using well-known techniques such as DPPH, ABTS, β- carotene,
FRAP, CUPRAC, NO, and TAC assays [132,138,140,143–170]. Table 3 summarizes all studies that
have evaluated the antioxidant activity of bee pollen. It presents the pollen origin, the type of
extract, the methods used, and the main results. Indeed, El Ghouizi et al. [138] evaluated in vitro
the antioxidant activity of the aqueous extract of Moroccan fresh bee pollen and revealed an
important scavenging capacity against DPPH and FRAP with IC50 values of 0.39± 0.13 mg/mL
and 0.54± 0.53 mg/mL, respectively.

Table 3. Summary of the different studies of the antioxidant activity of bee pollen.

Country Botanical Origin Extracts Used Methods Key Results References

Morocco Coriandrum sativum Aqueous extract

DPPH IC50 = 0.39 ± 0.13
mg/mL

[138]Ferric reducing
power

IC50 = 0.54 ± 0.53
mg/mL

Total antioxidant
capacity

56.92 ± 0.21 mg
AAE/g

Algeria Monofloral samples:
wild carrot, rosemary, and eucalyptus

Methanolic
extract

Molybdate ion
reduction Assay 101.58 ugGAE/g [165]

Brazil

Monofloral:
Brassica genus; Brassica rapa;

Astrocaryum; Aculeatissimum; Cocos nucifera;
Myrcia; Alternanthera; M. scabrella; Eucalyptus;
Coffea; M. scabrella; M. verrucosa; Eupatorium;

Syagrus; A. aculeatissimum; Eupatorium;
Myrcia; Cecropia; Myrcia; Alternanthera; M.

caesalpiniifolia; Montanoa; Asteraceae; C. nucifera;
Machaerium; M. caesalpiniifolia; Myrcia;

Anadenanthera; Cecropia; Schinus; Ilex; Ricinus

Ethanolic extract DPPH 140 ± 5 mmol TE/g [150]

ORAC 563 ± 15 mmol TE/g

Brazil

Mimosa misera, Mimosa caesalpinifolia, Eythrina
velutina, Ziziphus lotus, Prosopis juliflora, Mimosa

tenuiflora, Piptadenia macrocarpa, Cautarea
hexandra, Hyptis suavelens, Cautarea hexandra, and

Maytenus rigida

Ethanolic extract
β-carotene
bleaching
method

Antioxidant activity
= 83.3% [168]

Brazil
Heterofloral: Arecaceae, Asteraceae baccharis, and

Asteraceae eupatorium
Hydroethanolic

extract

FRAP 131.47 ± 75.08 mg
GA eq/g

[145]
DPPH % inhibition = 72.46

± 5.25%

Brazil
Arecaceae; Asteraceae baccharis; Asteraceae

eupatorium; Brassicaceae
Lyophilized

extract

ABTS 120.10 ± 0.21 mmol
TEAC/g

[145]
DPPH Antioxidant activity

= 54.42 ± 0.23%

FRAP 60.64 ± 0.63 mmol of
Fe2þ/g

β-carotene/linoleic
acid Assay

Antioxidant activity
= 91.93 ± 0.22%

Brazil ND Hydroethanolic
extract

DPPH EC50 = 0.86 mg/mL

[151]FRAP 123.4
mgGAEq.100 g−1

β-carotene/linoleic
acid Assay

Antioxidant activity
= 83.3%
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Table 3. Cont.

Country Botanical Origin Extracts Used Methods Key Results References

Chile Tilia Tuan Szyszyl

Aqueous
extract

DPPH IC50 = 2.36 mg/mL

[161]

Superoxide-
scavenging

activity
IC50 = 2.29 mg/mL

Methanolic
extract

DPPH IC50 = 1.72 mg/mL

Superoxide-
scavenging

activity
IC50 = 3.48 mg/mL

China

Agastache rugosatache rugosa
Brassica napus L.

Camellia japonica L.
Crataegus pinnatifi

Dendranthema indicum L.
Fagopyrum esculentum moench

Helianthus annuus L.
Nelumbo nucifera Gaertn.
Phellodendron amurensis

Prunus armeniaca
Prunus persica L.

Rosa rugosa Thunb.
Schisandra chinensis

Taraxacum mongolicum

Hydroethanolic
extract

ABTS 1.06 ± 0.02 mmol TE
g−1

[169]

DPPH IC50 = 1.28 ± 0.03
mg/mL

Reducing power Antioxidant activity
= 70.55 ± 0.00%

China Lotus uligionosus,
Escallonia rubra

Aqueous extract
DPPH 119.9 eq/g

[157]
Reducing power 69.5 eq/g

Egypt Trifolium alexandrinum L.

Ethanolic extract DPPH Antioxidant activity
= 90%

[144]
Petroleum ether DPPH Antioxidant activity

= 75%

Dichloromethane DPPH Antioxidant activity
= 63%

Ethyl acetate DPPH Antioxidant activity
= 79%

Egypt Zea mays Methanolic
extract

DPPH Antioxidant activity
= 59%

[162]
ABTS Antioxidant activity

= 76.51%

Greece

Monofloral sample: Brassica sp.
Heterofloral sample:

Cistus sp. (Cistaceae), Verbascum sp.
(Scrophulariaceae), Trifolium sp. (Leguminosae),

Prunus sp. (Rosaceae), Rubus sp. (Rosaceae),
Asphodelus sp. (Liliaceae), and Persea americana

(Lauraceae)

Aqueous extract

DPPH IC50 = 233.3 ± 6.1
µg/mL

[147]

ABTS IC50 = 56.2 ± 0.8
µg/mL

Italy

Genus:
Hedera, Helianthus, Cistus, Cornus, Brassica,

Gledistia, Hedysarum, Trifolium, Castanea, lamium,
Magnolia, Fraxinus, Papaver, Crataegus, Prunus,

Rubus, and Cordiandrum

Aqueous/
methanol extract

ORAC 839.5 ± 49.5 µmol TE
g−1 DW

[140]ABTS 224.6 ± 18.6 µmol TE
g−1 DW

DPPH 134.7 ± 4.3 µmol TE
g−1 DW
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Table 3. Cont.

Country Botanical Origin Extracts Used Methods Key Results References

Korea
Monofloral samples:

Quercus palustris, Actinidia arguta, Robinia
pseudoacacia, and Amygdalus persica.

Ethanolic extract DPPH EC50 = 292.0 ± 13.05
µg/mL [170]

Portugal Cistus ladanifer, Echium spp., Apiaceae,
and Cistaceae

Hydroethanolic
extract

DPPH EC50 = 2.62 ± 0.09
mg/mL

[146]
Reducing power

Assay
6.51 ± 0.30 mg

GAE/mL

Portugal Cistacae Boraginacae, Rosaceae, Fagaceae, Asteraceae,
Fabaceae, Ericaceae, Mimosaceae, and Myrtaceae.

Methanolic
extract

DPPH EC50 = 3.0 ± 0.7
mg/mL

[155]
β-carotene

bleaching Assays EC50 = 4.6 mg/mL

Spain Cistaceae, Fabaceae, Cistaceae, Ericaceae, Fabaceae,
Cistaceae, Ericaceae, and Boraginaceae

Methanolic
extract

DPPH EC50 = 2.98 ± 0.47
mg/mg extract

[164]
TBARS EC50 = 0.35 ± 0.02

mg/mg extract

Turkey ND Methanolic
extract

FRAP
11.77 ± 0.63–105.06
± 0.59 mmol

Trolox/g pollen

[167]DPPH SC50 = 0.65–8.20
mg/mL

CUPRAC Assay
33.1 ± 0.4–91.8 ± 1.8

mmol Trolox/g
pollen

Turkey

Centaurea sp, Lotus sp., Coronilla sp., Centaurea
sp., Scabiosa sp., Euphorbia sp., Echium sp.,
Coronilla sp., Teucrium sp., Crepis sp., and

Castanea sativa

Ethanolic extract

ABTS 0.373 ± 0.015–5.980
± 0.100 mg TEAC/g

[160]
DDPH Assays 1.293 ± 0.031–3.85 ±

0.030 mg TEAC/g

Turkey Commercial bee pollen

Extractable
fraction

CUPRAC Assay 6.25–64.88 µmol
TE/g

[152]

ABTS 6.20–38.20 µmol
TE/g

DPPH 0.44–22.45 µmol
TE/g

Hydrolysable
fraction

CUPRAC Assay 69.16–192.96 µmol
TE/g

ABTS 37.63–80.49 µmol
TE/g

DPPH 33.21–62.37 µmol
TE/g

Bio-accessible
fraction

CUPRAC Assay 83.24–257.27 µmol
TE/g

ABTS 48.96–111.40 µmol
TE/g

DPPH 35.69–83.84 µmol
TE/g

Turkey ND Methanolic
extract

CUPRAC Assay 0.02 ± 0.02–0.24 ±
0.04 mmol Trolox/g

[166]FRAP
8.69 ± 1.64–84.89 ±

10.09µmol
FeSO4.7H2O/g

DPPH
SC50 =0.47 ±

0.51–0.84 ± 0.17
mg/mL
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Table 3. Cont.

Country Botanical Origin Extracts Used Methods Key Results References

Poland

Aesculus hippocastanum, Chamerion angustifolium,
Lamium purpureum, Lupinus polyphyllus, Malus
domestica, Phacelia tanacetifolia, Pyrus communis,

Robinia pseudoacacia, Sinapis alba, Taraxacum
officinale, Trifolium sp., and Zea mays.

Pepsin-digested
extract

DPPH EC50 = 20.912 ± 0.821
µL/mL

[159]

ABTS 1.752 ± 0.024 mmol
Trolox/g

Malaysia ND Ethanolic extract DPPH Antioxidant activity
= 39% [163]

Serbia Helianthus annuus L.

Methanolic
extract

ABTS Antioxidant activity
= 95.5%

[158]
FRAP A700 nm = 0.738

Ethanolic extract
ABTS Antioxidant activity

= 75%

FRAP A700 nm = 0.485

Slovakia Helianthus annuus L. Ethanolic extract DPPH
Antioxidant activity
= 47.97 ± 0.29–50.46

± 0.43%
[153]

Slovakia

Monofloral samples:
Brassica napus L. var. napus, Helianthus annuus L.,

Papaver somniferum L., Phacelia tanacetifolia L.,
Robinia pseudoacacia L., and Trifolium repens L.

Methanolic
extract

ABTS 0.83 ± 0.10–2.08 ±
0.25 mm/l

[148]DPPH
Antioxidant activity
= 25.96 ± 1.61–93.69

± 5.80%

Aqueous extract DPPH
Antioxidant activity
= 19.66 ± 1.06–50.29

± 3.05%

Slovakia
Monofloral samples:

Brassica napus subsp. napus L, Papaver somniferum
L., and Helianthus annuus L

Ethanolic extract
DPPH Antioxidant activity

= 70.05± 17.17%
[154]

Reduction power 3575.56 ± 749.04 µg.
mL−1

Thailand Commercial bee pollen
Ethanolic extract DPPH 40.69 ± 3.01 mg

GAE/g extract
[156]

Aqueous extract DPPH 21.27 ± 2.63 mg
GAE/g extract

Bosnia and
Herzegov-

ina

Poaceae spp., Trifolium spp.,
Zea mays, and Plantago spp.

Methanolic
extract

DPPH IC50 = 1.43 ± 0.00
mg/g

[143]FRAP 4.111 ± 0.136 mmol
Fe+2/g

ABTS Antioxidant activity
= 86.13 ± 2.28%

ND: Not determined.

In Brazil, several authors have investigated bee pollen samples from several botanical
and geographical origins for their antioxidant proprieties using four antioxidant assays
(DPPH, ORAC, β-carotene, and FRAP) and the results revealed that the bee pollen extracts
exhibited important antioxidant activity in all tests with a significant difference among
them, and a potential correlation between this activity and polyphenolic composition,
which in turn varied depending on the geographical and botanical origins of the plant
visited by the bees [145,150,151,168,171].

In Egypt, authors have investigated the antioxidant activity of ethanol, methanol,
petroleum ether, dichloromethane, and ethyl acetate extracts of bee pollen samples from
monofloral sources (Zea mays and Trifolium alexandrinum L) by two in vitro methods (ABTS
and DPPH). The results showed an interesting anti-DPPH activity of ethanol extract with
a percentage activity of 90%, while the methanol extract revealed a strong activity using
the ABTS test with a percentage activity of 76.51%. Based on the findings, the high
antioxidant activity of ethanol extract could be related to its major compounds including
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catechin, quercetin, and caffeic and gallic acid [144,162]. These results are confirmed
by studies on Chinese bee pollen. In those works, authors investigated the antioxidant
capacity of aqueous, ethanol, and methanol extracts using DPPH, ABTS, superoxide-
scavenging activity, and reducing power and showed that ethanol extract of bee pollen
has a good anti-DPPH effect with IC50 = 1.28 ± 0.03 mg/mL, and an important anti-ABTS
(1.06 ± 0.02 mmol TE g−1) and reduction power activity (70.55%). The methanol extract
showed also an antioxidant effect with an anti-DPPH IC50 value of 1.72 mg/mL, and
IC50 = 3.48 mg/mL for superoxide-scavenging activity [157,161,169]. Methanol extracts
of twenty-two bee pollen samples from different floral origins in Portugal also showed
an interesting antioxidant effect, which manifests in scavenger activity of the free DPPH•
and β-carotene in bleaching assays with mean values of 3.0 ± 0.7 mg/mL and 4.6 mg/mL,
respectively [155].

On the other hand, several authors have reported the antioxidant activity of Turkish
bee pollen extracts based on different geographical origins [160,167], bee races (Apis mellifera
caucasica, Apis mellifera anatoliaca, Apis mellifera syriaca, and Apis mellifera carnica) [166], and
extraction methods as well as the storage conditions [152]. The authors showed important
antiradical activity of bee pollen which is highly affected by chemical composition, plant
origins, geographical origin, and storage conditions.

Other research works reported a variable antioxidant effect of different bee pollen
extracts including those from Algeria, Greece, Italy, Korea, Spain, Slovakia, Malaysia,
Serbia, Thailand, and Poland, and this variability can be significantly related to a variety of
botanical and geographical origins [132,140,143,147,148,153,154,156,158,159,163–165,170].

5. Therapeutic Properties of Bee Pollen against Oxidative Stress-Related Diseases

The use of bee pollen in traditional medicine dates to ancient times and is attested
by books of Arab and Jewish doctors such as Ibn al-Beithar and Maimonides in the early
1100s, where they described bee pollen as an aphrodisiac, sedative, and effective for the
stomach, the heart, and intestines [172,173].

5.1. Antioxidative Properties

Oxidative stress is caused by an imbalance between free radical production and antiox-
idant defense systems, resulting in an accumulation of reactive oxygen species (ROS). In
turn, ROS interact with various cytoplasmic components such as proteins, membrane lipids,
and DNA [174]. As a result, ROS induce serious cell damage and participate in the devel-
opment of many chronic illnesses such as diabetes and associated complications, arthritis,
Parkinson, and Alzheimer’s [175]. Bee pollen is one of the natural antioxidant-rich products
mainly used against oxidative stress and related pathologies. In this context, Kawther
and coworkers have proved that the administration of bee pollen extract (250 mg/kg b.w)
attenuated oxidative stress induced by protein [176]. It has been demonstrated that the
anti-oxidative activity of bee pollen is attributed to its content of secondary metabolites
including, vitamin E, vitamin C, carotenoids, and phenolic compounds [149]. Thanks to
its phenolic hydroxyl group, the flavonoids present in bee pollen can scavenge ROS and
free radicals, and inactivate electrophiles [164]. As reported in Table 4, several studies
have reported the antioxidative properties of various phenolic compounds and their in-
volved mechanisms. Pari et al. reported that the sub-chronic administration of Caffeic acid
(6 mg/kg b.w) improved the oxidative stress caused by alcohol-induced toxicity in rats by
increasing non-enzymic antioxidant defense systems, and by preventing lipid peroxida-
tion [177]. Likewise, cinnamic acid occurs in the antioxidative process by modulating lipid
metabolism and boosting GSH, SOD, and CAT enzyme activities as well as scavenging and
decreasing ROS production [178]. In addition, the oral administration of rutin at a dose of 50
and 100 mg/kg/b.w for 20 days enhances the production of antioxidant enzymes, decreases
serum toxicity markers, and downregulates COX, 2p38-, MAPK, i-NOS, and the NF-κB
signaling pathway [179]. Furthermore, a recent study showed that quercetin weakened
oxidative stress and decreased the expression of TNFα, IL-1β, and IL-6 [180]. Similarly,
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treatment with luteolin minimized the oxidative stress through multiple mechanisms:
(a) up-regulation of the Nrf-2 pathway, (b) enhancement of HO-1 expression, (c) increase
in GSH, SOD, and GPX activities, and (d) decrease in MDA levels [181]. Pinocembrin
decreased oxidative stress, apoptotic, and inflammatory markers [182] Figure 1.
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5.2. Antidiabetic and Anti-Hyperglycemic Properties

Diabetes mellitus is an endocrine disorder characterized either by insufficient insulin
secretion and/or its defective utilization [183]. The antidiabetic/anti-hyperglycemic ac-
tivity of bee pollen has been previously studied. According to Nema et al., bee pollen
administration at 100 mg/kg body weight/day for 4 weeks lowered blood glucose and
prevented pituitary–testicular axis dysfunction [6]. Furthermore, bee pollen exhibited
a potent anti-hyperglycemic activity in patients with insulin-independent diabetes mel-
litus (T2DM) [184]. Moreover, thanks to its bioactive constituents, bee pollen exerts its
anti-hyperglycemic effect by modulating glucose uptake and inhibiting α-amylase and
β-glucosidase activities, leading to the management of diabetes and its serious complica-
tions [185]. The anti-diabetic properties of many individual phenolic compounds present
in bee pollen have already been investigated. Adisakwattana and coworkers enunciated
that cinnamic acid administered orally at a dose of 50 mg/kg/day for 5 weeks stimulates
insulin and adiponectin secretions, increases hepatic glycolysis, improves glucose uptake,
potentiates pancreatic β-cell functionality, and decreases protein glycation [186]. Rutin
regulates glycemia and ensures its anti-diabetic effect through the inhibition of the polyol
signaling pathway as well as via the modulation of lipid metabolism and the prevention of
lipid peroxidation [187]. Apigenin facilitates and enhances GLUT4 translocation in skeletal
muscles either by up-regulating the AMP-activated protein kinase pathway or by activating
the insulin signaling pathway, which leads to glucose uptake and thus hypoglycemia.
A paper published by Alkhalidy et al. explored the anti-diabetic effect of kaempferol
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against streptozotocin-induced diabetes in rats and found that chronic administration of
kaempferol (50 mg/kg-b.w) reduced hepatic glucose production, increased hexokinase
activity, decreased hepatic pyruvate carboxylase activity, and inhibited the gluconeogenesis
pathway [188], as shown in Figure 1.

5.3. Hepatoprotective Properties

Bee pollen extract has been found to possess a potent hepato-protective effect. Cheng
and coworkers reported that bee pollen extract administration increased tissue catalase
SOD and GSH-Px activity, and prevents liver histological changes induced by carbon
tetrachloride treatment in mice. This suggests the potential role of bee pollen in preventing
hepatocellular changes associated with exposure to xenobiotics. The hepatoprotective
capacity of bee pollen is largely attributed to its rich content of natural antioxidants such
as phenols and flavonoids [189]. The hepatoprotective ability of phenolic compounds
has been explored in numerous studies (Table 3). Malayeri et al. showed that the co-
administration of a single dose of naringenin (50 mg/kg/b.w) boosted enzymatic and
non-enzymatic antioxidant activities, and reduced NO, TNF-α, and IL-6 levels [190]. Yang
and coworkers indicated that ferulic acid exhibits its protective role against CCL4-caused
acute oxidative liver damage in rats via the up-regulation of p-JNK, p-p38 MAPK, and
Bcl-2 signaling pathways and thus, decreased the expression of pro-inflammatory medi-
ators of hepatic-toxicity TNF-α and IL-1β [191]. Owumi et al. recently emphasized that
protocatechuic acid protects against methotrexate-induced liver dysfunction via enhancing
enzyme antioxidant defense mechanisms and decreasing oxidative stress and free radical
production, which was confirmed by biochemical analysis and histopathological investiga-
tions [192]. Vanderson et al. demonstrated that caffeic acid treatment improves oxidative
stress and kidney dysfunction mediated by ethanol in a rat model. This was attributed to
the down-regulation of CYP2E1 and the protection of DNA against oxidative damage [193].
Ebrahimi and coworkers proved that ellagic acid treatment reduced oxidative damage and
liver ultrastructure changes in methotrexate-induced mitochondrial dysfunction and liver
toxicity in rats [194] (see Figure 1).

5.4. Nephroprotective Properties

Owing to its rich content of various bioactive molecules, bee pollen has been found
to have a potent nephroprotective activity. In a rat model, it was reported that bee pollen
extract improved biochemical parameters (creatinine and bilirubin), increased the antioxi-
dant defense system (SOD, CAT, and GSH), lowered oxidative stress biomarkers (MDA
and iNOS), and prevented kidney histological effects induced by cisplatin. Intraperitoneal
administration of apigenin reduced COXI, COXII, and MDA levels, and increased kidney
GSH levels [195]. Recently, Owumi et al. reported that protocatechuic acid exhibits its
reno-protective activity by increasing the activity of antioxidant enzymes (SOD, CAT, GSH,
and GPX) and decreasing the renal (RNOS and LPO) levels, as well as reducing the inflam-
mation biomarkers NO, TNF-α, and IL-1β levels in renal tissue [192]. Another study found
that naringenin (100 mg/kg/b.w) reduced oxidative stress and prevented lipid peroxida-
tion in rats after cyclosporine treatment [196]. According to Chowdhury and colleagues,
ferulic acid prevented hyperglycemia-induced kidney damage and oxidative stress in rats;
this was related to the modification of AGEs, MAPKs (p38 and JNK), and the NF-B signaling
pathways by this acid [197]. Mohammed and coworkers evidenced that ellagic acid stimu-
lated the expression of SIRT1, decreased P53 protein levels, reduced ROS production, and
enhanced enzymatic and non-enzymatic antioxidant systems [198]. This was demonstrated
through improved biochemical values (creatinine, urea, and uric acid), kidney histopatho-
logical tissue, and renal biomarker stress (MDA, GSH, CAT). Another study showed that
pinocembrin treatment mitigates gentamicin-induced inflammation and renal toxicity via
the modulation of Nrf2/HO-1 and NQO1 pathways [199]. This could suggest its potent
ability to reduce oxidative stress and inflammation-related nephrocellular dysfunctions.
Shanmugam et al. reported that oral administration of Kaempferol (100 mg/kg/day/b.w)
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exerts its nephroprotective action by inhibiting RhoA/Rho kinase-mediated inflammatory
pathway [200] Figure 1.

5.5. Anti-Inflammatory Properties

Numerous scientific studies have indicated that bee pollen has a potent anti-inflammatory
impact. Indeed, it has been shown that flavonoids and phenolic acids play a major role in the
anti-inflammatory activity of bee pollen extracts. As indicated in Table 3, several individual phe-
nolic components have shown anti-inflammatory effects through different signaling pathways.
Indeed, phenolic acids including caffeic acid, ferulic acid, and cinnamic acid are documented as
potent inhibitors of tumor necrosis factor (TNF) and thus down-regulation of the nuclear factor
NF-κB pathway (proinflammatory signaling pathway) [201–203]. In addition, ellagic acid has
been found to inhibit nitric oxide (NO), TNF-α, and IL-6, and induce the down-regulation of
cyclooxygenase II (COX-2) and prostaglandin E2 (PGE2) [204]. The anti-inflammatory activity
of bee pollen is also linked to Galangin, chrysin, quercetin, resveratrol, kaempferol, and other
flavonoid molecules. Choi and coworkers have shown that galangin inhibits the expression of
iNOS, COX-2, and the release of pro-inflammatory cytokines such as IL-1β and TNF-α [205]. In
the same context, the findings of Li, Zhipeng, et al. showed that chrysin improves inflammatory
reaction through the inhibition of NO, prostaglandin E2, and the NF-κB signaling pathway [206].
Quercetin and resveratrol exhibit their anti-inflammatory actvity via the down-regulation of
the NF-κB pathway and the inhibition of COX-1 and COX-2 activities [207,208]. Park and
coworkers reported that Kaempferol ensures its protective effect in aged kidney tissues via the
suppression of pro-inflammatory cytokines (IL-1β, TNF-α, IL-18, and IL-6) [209]. These data
revealed that kaempferol could have the ability to attenuate age-related chronic inflammatory
reactions Figure 1.

Table 4. Summary of the different pharmacological properties of different phenolic compounds
found in bee pollen.

Molecules Dosage, Route, and Exposure Duration Pharmacological Properties Involved Mechanisms References

Caffeic acid 6 mg/kg/day, orally for 45 days.

Anti-oxidative properties

↑Non-enzymic antioxidants, ↓lipid
peroxidation, and ↓TBARS level. [177]

Cinnamic
acid 20 mg/kg/day, i.p for 40 days. ↓lipid peroxidation, ↓ROS production ↑GSH,

↑SOD, and ↑CAT levels. [178]

Ferulic acid 25 mg/kg/day, orally for 10 days. ↓lipid peroxidation, ↓ROS levels, and
↓N-acetyl-β-glucosminidase activity. [210]

Ellagic acid 10 and 30 mg/kg/day for 30 days.
Enhances the concentration of enzymatic

antioxidant levels (SOD, CAT, and GPx), and ↓
MDA, ↓TNF-α, and ↓IL-1β.

[211]

Quercetin 50 mg/kg/day, i.p for 21 days.
Increases GSH level, SOD, GR, G, P, and CAT

activity, and decreases the expression of TNFα,
IL-1β, and IL-6.

[180]

Kaempferol 100 mg/ kg/day, i.p for 6 weeks. Inhibits the activity of ASK1/MAPK signaling
pathways (JNK1/2 and p38). [212]

Galangin 8 mg/kg/day, i.p for 45 days. ↓lipid peroxidation, ↑enzymatic and
non-enzymatic antioxidants. [213]

Chrysin 30 mg/kg/day, orally, for 14 days. ↑GSH, ↓TBARS, ↓XO, and ↓NADPH levels [214]

Protocatechuic
acid 100 mg/kg/day, i.p for 7 days. Prevents lipid peroxidation and the formation

of NO, and enhances antioxidant enzymes. [215]

Apigenin 0.625, 1.25, and 2.5 mg/mL. ↓oxidative stress, GSH level ↑SOD activity,
↓IL-6, and ↓NF-κB levels. [216]

Luteolin 100 and 200 mg/kg/ day, orally for 28 days. ↓MDA, ↑GSH, ↑SOD ↑GPX ↑Nrf2, and
↑HO-1 Expressions. [181]

Rutin 50 and 100 mg/kg/day, orally for 20 days.
↑Production of antioxidant enzymes, ↓serum

toxicity markers, and downregulation of (COX,
2p38-, MAPK, i-NOS, and NF-κB).

[179]

Naringenin 50 mg/kg/day, orally for 8 weeks. Minimizes oxidative stress and enhances CAT,
SOD GSH, and GPx levels. [217]

Pinocembrin 10 mg/kg/day, orally for 7 days. Decreases oxidative stress, and apoptotic and
inflammatory markers. [182]
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Table 4. Cont.

Molecules Dosage, Route, and Exposure Duration Pharmacological Properties Involved Mechanisms References

Caffeic acid 100 mg/kg/day, orally
for 4 weeks.

Antidiabetic and
anti-hyperglycemic

properties

IL-6, ↓ IL-1β, ↓ TNF-α, ↓MCP-1, ↓HbA1c, ↓
UGA, ↓ sorbitol, ↓ fructose, and ↑AMPKα2. [218]

Ferulic acid 10 mg/kg/day, orally for 15 days. Down-regulation of NF- κB pathway. [219]

Cinnamic
acid 50 mg/kg/day, orally for 5 weeks.

↑insulin secretion, ↑hepatic glycolysis,
↑adiponectin secretion ↑glucose uptake,
↑pancreatic β-cell functionality, and

↓protein glycation.

[186]

Ellagic acid 250 mg/kg/day, orally for 28 days. ↑ insulin secretion, ↑β-cell number, ↑plasma
total antioxidants, and ↑glucose intolerance. [220]

Quercetin 10 and 30 mg/kg/day, i.p for 14 days.
↑GLUTs, ↑IR-P, ↑GLUT4, ↑Glucose uptake,
↑pancreatic cell-β generation, ↑glucokinase

activity, ↓α-glucosidase activity.
[221]

Kaempferol 50 mg/kg/day, orally for 12 weeks.
200 mg/kg/day, orally for 14 days.

↓hepatic glucose production, ↑hexokinase
activity, ↓hepatic pyruvate carboxylase activity,

and gluconeogenesis.
↑GLP-1 and insulin release, ↑ cAMP, and Ca2+

intracellular levels.

[188,222]

Galangin 4, 8, and 16 mg/kg/day, orally for 45 days. Inhibition of DPP-4, ↓oxidative stress, and
↑antioxidant status. [213]

Chrysin 40 mg/kg/day, orally for 16 weeks.
Inhibition of the TNF-α pathway, ↓secretion of
pro-inflammatory cytokines, and ↓glucose and

lipid peroxidation levels.
[223]

Protocatechuic
acid 50 and 100 mg/kg/day, orally for 7 days. ↑insulin sensitivity, ↓insulin resistance,

↓gluconeogenesis, and ↑glucose uptake. [224]

Apigenin 1.5 mg/kg/day, i.p for 28 days. Enhances GLUT4 translocation. [225]

Luteolin 10 mg/kg/day, orally for 24 weeks. Reduces oxidative stress and inhibits the
STAT3 pathway. [226]

Rutin 90 mg/kg/day, orally for 10 weeks. Inhibition of polyol pathway, oxidative stress,
and lipid peroxidation. [187]

Naringenin 50 and 100 mg/kg/day, orally for 6 weeks. Improvement of glucose and lipid metabolism,
and ↓insulin resistance. [227]

Pinocembrin 50 mg/ kg/day, orally for 10 days. ↓ NF-κB and TNF-α levels. [228]

Resveratrol 12 mg/kg/day, orally for 1 5 days. Down-regulation of NF- κB pathway. [219]

Caffeic acid 100 mg/kg/day, orally for 4 days.

Hepato-protective properties

Downregulation of CYP2E1 and the protection
of DNA against oxidative damage. [193]

Cinnamic
acid 20 mg/kg/day, orally for 10 days. ↓NF-kB and ↓iNOS activities. [229]

Ellagic acid 5 and 10 mg/kg/day, orally for 10 days Up-Regulation of Nrf2 and HO-1 expression
and inhibition of NF-κB signaling pathway. [194]

Quercetin 20, 40, and 80 mg/kg/day, orally for 7 days.

Modulation of the expression of nuclear
orphan receptors (CAR, PXR) and cytochrome

P450 enzymes (CYP1A2, CYP2E1,
CYP2D22, CYP3A11).

[230]

Kaempferol 20 mg/kg, twice a day, orally for 28 days. ↓CYP2E1 activity and ↓ROS production. [231]

Galangin 15, 3,0, and 60 mg/kg/day, orally for 15 days. Activation of Nrf2 and HO-1
signaling pathway. [232]

Chrysin 25 or 50 mg/kg, orally for 6 days. Decreases the expression of COX-2, iNOS. [233]

Ferulic acid 25, 50, and 100 mg/kg/day, orally for 7 days.
↓ the expression TNF-α and IL-1β,

upregulation of p-JNK, p-p38 MAPK,
and Bcl-2.

[191]

Protocatechuic
acid 25 and 50 mg/kg/day, i.p for 7 days. ↓ oxidant species ↑antioxidant enzymes [192]

Apigenin 10 mg/kg/day, orally for 3 weeks. Enhances antioxidant defense mechanisms and
decreases lipid peroxidation. [234]

Luteolin 100 mg/kg/day, i.p for 7 days. Modulation of Nrf2/HO-1 pathway and
↓oxidative stress. [235]

Rutin 20 mg/kg/day, orally for 15 days. ↑Antioxidant profile and regulation of Na+/K+
ATPase activity. [236]

Naringenin 50 mg/kg/day, orally for 10 days. ↑the enzymatic and non-enzymatic antioxidant
levels, ↓NO, TNF-α, and IL-6 levels. [190]

Pinocembrin 50 and 75 mg/kg/day, i.p for 10 days. Modulation of Nrf2/HO-1 and
NQO1 pathways. [199]

Resveratrol 50 and 100 mg/kg/day, orally for 28 days Modulation of SIRT1 and p53 pathways. [237]
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Table 4. Cont.

Molecules Dosage, Route, and Exposure Duration Pharmacological Properties Involved Mechanisms References

Caffeic acid 100 mg/kg/day, orally for 14 days.

Nephroprotective properties

Enhances the antioxidant defense system and
reduces lipid peroxidation. [238]

Ferulic acid 50 mg/kg/day, orally for 8 weeks. Modulation of AGEs, MAPKs (p38 and JNK),
and NF-κB pathways, and ↓oxidative stress. [197]

Cinnamic
acid 50 mg/kg /day, orally for 7 days. antioxidant expression GSH levels, SOD, CAT,

and GPx activities. [239]

Ellagic acid 10 mg/kg/day, orally for 30 days.

Stimulates the expression of SIRT1, ↓P53
protein level, ↓ROS production, and
↑enzymatic and non-enzymatic

antioxidant system.

[198]

Quercetin 10 mg/kg/day, i.p for 10 weeks. ↑antioxidant expression and
↓lipid peroxidation. [240]

Kaempferol 100 mg/kg/day, orally for 28 days. Inhibits RhoA/Rho Kinase mediated
inflammatory pathway. [241]

Chrysin 30 and 100 mg/kg, ip for 26 days. ↑iNOS and PKC Levels, and ↓AGEs and RAGE. [242]

Protocatechuic
acid 25 and 50 mg/kg/day, i.p for 7 days. ↓ oxidant species ↑antioxidant enzymes. [192]

Apigenin 3 mg/kg/day, i.p for 7 days. Reduces COXI and COXII, MDA levels and
increases GSH level. [195]

Luteolin 10 and 20 mg/kg/day, orally for 4 weeks. Inhibition of RIP140/NF-κB pathway. [243]

Rutin 100 mg/kg/day, orally for 14 days. Suppresses NF-κB activation and
TGF-β1/Smad3 signaling. [244]

Naringenin 100 mg/kg/day, orally for 45 days. ↓ oxidative stress and lipid peroxidation levels. [196]

Pinocembrin 50 and 75 mg/kg/day, i.p for 10 days. Modulation of Nrf2/HO-1 and
NQO1 pathways. [199]

Resveratrol 20 mg/kg/day, orally for 40 weeks. Modulation of the NF-κB signaling pathway. [245]

Caffeic acid 50 mg/kg/day, orally for 21 days.

Anti-inflammatory properties

inhibition of NO, prostaglandin E2, and NF-κB
signaling pathways. [201]

Ferulic acid 100 mg/kg/day, orally for 6 weeks. Inhibition of NADPH oxidase and
NF-κB pathway. [202]

Cinnamic
acid 60 mg/kg/day, orally for 21 days. Down-regulation of the NLRP3, NF- κB, and

ASK1/MAPK signaling pathways. [203]

Ellagic acid 1, 3, 10, and 30 mg/kg, i.p for 5 h. Suppression of NF-κB pathway and NO,
TNF-α, IL-6, COX-2 activity, and PGE2. [246]

Quercetin 1 mg/kg/day, orally for 15 days. Down-regulation of the NF-κB pathway. [208]

Kaempferol 2 and 4 mg/kg/day for 10 days. Decreases the synthesis of IL-1β, TNF-α, IL-18,
and IL-6. [209]

Galangin 50 mg/kg per day, orally for 4 days. Inhibits the expression of iNOS, COX-2, and
pro-inflammatory cytokines. [205]

Chrysin 40 mg/kg/day, orally for 16 weeks. inhibition of NO, prostaglandin E2, and NF-κB
signaling pathways. [206]

Protocatechuic
acid 20 mg/kg/day, orally for 8 weeks. ↓IL-1β, ↓IL-6, and ↓TNF-α

synthesis pathways. [247]

Apigenin 20 and 40 mg/kg/day, orally for 28 days. ↓TNF-α and IL-6 production. [248]

Luteolin 100 mg/kg, i.p for 6 h. ↑HO-1 expression, ↑IL-10, ↓TNF-α, and
↓IL-6 levels. [249]

Rutin 30 mg/kg/day, orally for 14 days. Inhibition of p38-MAPK pathway. [250]

Naringenin 5, 10, and 20 mg/kg/day, for 16 days. Up-regulation of Nrf-2/HO-1pathway and
↓NF-kB mRNA expression. [251]

Pinocembrin 50 mg/kg/day, i.p for 24 days. Down-regulation of NF-kB pathway. [252]

Resveratrol 10 or 50 mg/kg/day, orally for 28 days. Inhibition of COX-1 and COX-2 activities [207]

↑ represent increases; ↓ represent decreases.

5.6. Other Beneficial Effects of Bee Pollen

Bee pollen has a broad spectrum of pharmacological effects and provides a promising
area for researchers interested in the therapeutic effects of natural products, particularly
hive products. The rich composition of probiotics, proteins, macro-, and micronutrients in
bee pollen has been related to its positive effect on morphological development (thickness
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of epithelium) and functioning (absorption) of the small intestine, leading to the proper
functioning of the gastrointestinal tract [217,253].

Bee pollen is also known to modulate the secretory activity (release of IGF-I growth
factor and progesterone and estradiol steroid hormones) and apoptotic activity of the
ovary in rats. In postmenopausal women with breast cancer, bee pollen can improve
menopausal-related symptoms when used in association with antihormonal treatment; it is
also beneficial for women who suffer from post-menopausal disorders [254].

Studies have demonstrated the positive effects of the phenolic and probiotic content
of bee pollen on preventing metabolic syndrome by reducing body and liver weight gain,
decreasing fasting blood glucose, and lipid accumulation in serum and liver, which can be
explained through the regulation of intestinal microbiota [255].

In many cultures, bee pollen has long been used by women to maintain their beauty
and whiten their skin. Since more than 70% of bee pollen composition is active, (proteins,
carbohydrates, lipids/fatty acids, phenolic compounds, and vitamins), the cosmeceuti-
cal properties of bee pollen in the laboratory have been studied and researchers have
demonstrated that pollen can boost protective mechanisms against skin aging (polyphe-
nols, vitamin E, C), skin dryness (sugars and fatty acids), ultraviolet radiation (carotenoids),
oxidative damage (polyphenols), and inflammation and melanogenesis, which are involved
in human skin damage [256,257]. These scientific pieces of evidence are turning cosmetolo-
gists’ attention toward introducing bee pollen into their beauty products and formulations,
and guaranteeing better quality and functionality.

6. Conclusions

As has been shown so far, pollen grains are microscopic vegetal cells produced and
dispersed during the process of plant reproduction. In the hive, pollen grains transform into
bee bread through the fermentation process and become accessible for human consumption
because of their complete composition of macronutrients such as proteins, carbohydrates,
lipids, and micronutrients such as minerals, vitamins, and phenolic compounds. This
diversified composition affords a wide range of pharmacological and biological properties
to the bee pollen. Nonetheless, due to the significant variability of its composition, which is
affected by several factors, bee pollen application in phytomedicine remains quite limited.
On this basis, scientists and professionals should pay closer attention to a few key aspects:
(i) standardization should be expanded to include the phenolic composition and nutritional
value of different types of bee-collected pollen, especially monofloral pollen; (ii) more
quality-control research is needed to encourage beekeepers to produce clean, safe, and
economically valuable bee pollen; (iii) as bee pollen is partially digested by human digestive
enzymes, more pharmacological and biochemical studies are necessary to enhance the
bioavailability of bee pollen bioactive compounds and capitalize on bee pollen’s biological
importance; (iv) considering the techno-functional value of bee pollen as a superfood, it
can be potentially used as a good ingredient in the food and pharmaceutical industries
for the production of novel bee pollen-enriched food products or dietary supplements;
(v) eventually, considering bee pollen’s techno-functional value and biological properties,
more clinical trials should be conducted to investigate the beneficial effect of this superfood
on human health and to encourage the food and pharmaceutical industries to develop and
manufacture novel bee pollen-enriched food products and dietary supplements.

Author Contributions: Conceptualization, A.E.G. and M.B.; writing—original draft preparation,
A.E.G., M.B., D.O., H.L. and N.E.M.; writing—review and editing, C.H. and B.L.; supervision, C.H.
and B.L. All authors have read and agreed to the published version of the manuscript.

Funding: This study was partially funded by the SNAMOPEQ laboratory, FSDM, USMBA, Fez, Morocco.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon request.

254



Antioxidants 2023, 12, 557

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Knox, R.B. The Pollen Grain. In Embryology of Angiosperms; Johri, B.M., Ed.; Springer: Berlin/Heidelberg, Germany, 1984;

pp. 197–271. ISBN 978-3-642-69302-1.
2. Campos, M.G.R.; Bogdanov, S.; de Almeida-Muradian, L.B.; Szczesna, T.; Mancebo, Y.; Frigerio, C.; Ferreira, F. Pollen Composition

and Standardisation of Analytical Methods. J. Apic. Res. 2008, 47, 154–161. [CrossRef]
3. De-Melo, A.A.M.; de Almeida-Muradian, L.B. Chemical Composition of Bee Pollen. In Bee Products-Chemical and Biological Properties;

Alvarez-Suarez, J.M., Ed.; Springer International Publishing: Cham, Switzerland, 2017; pp. 221–259. ISBN 978-3-319-59688-4.
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57. Szczęsna, T. Study on the Sugar Composition of Honeybee-Collected Pollen. Available online: http://agro.icm.edu.pl/agro/
element/bwmeta1.element.dl-catalog-2bfe8051-7503-4faa-b7c0-552c257dd9a3 (accessed on 19 October 2020).

58. Liolios, V.; Tananaki, C.; Dimou, M.; Kanelis, D.; Rodopoulou, M.-A.; Thrasyvoulou, A. Exploring the Sugar Profile of Unifloral
Bee Pollen Using High Performance Liquid Chromatography. J. Food Nutr. Res. 2018, 57, 11.

256



Antioxidants 2023, 12, 557

59. Belina-Aldemita, M.D.; Opper, C.; Schreiner, M.; D’Amico, S. Nutritional Composition of Pot-Pollen Produced by Stingless Bees
(Tetragonula Biroi Friese) from the Philippines. J. Food Compos. Anal. 2019, 82, 103215. [CrossRef]

60. Omar, W.A.W.; Yahaya, N.; Ghaffar, Z.A.; Fadzilah, N.H. GC-MS Analysis of Chemical Constituents in Ethanolic Bee Pollen
Extracts from Three Species of Malaysian Stingless Bee. J. Apic. Sci. 2018, 62, 275–284. [CrossRef]

61. Li, Y.O.; Komarek, A.R. Dietary Fibre Basics: Health, Nutrition, Analysis, and Applications. Food Qual. Saf. 2017, 1, 47–59.
[CrossRef]

62. Trowell, H.; Burkitt, D.; Heaton, K. Dietary Fibre, Fibre-Depleted Foods and Disease; Academic Press: Orlando, FL, USA, 1985.
63. Makki, K.; Deehan, E.C.; Walter, J.; Bäckhed, F. The Impact of Dietary Fiber on Gut Microbiota in Host Health and Disease. Cell

Host Microbe 2018, 23, 705–715. [CrossRef]
64. Zhao, L.; Zhang, F.; Ding, X.; Wu, G.; Lam, Y.Y.; Wang, X.; Fu, H.; Xue, X.; Lu, C.; Ma, J.; et al. Gut Bacteria Selectively Promoted

by Dietary Fibers Alleviate Type 2 Diabetes. Science 2018, 359, 1151–1156. [CrossRef]
65. Bishehsari, F.; Engen, P.A.; Preite, N.Z.; Tuncil, Y.E.; Naqib, A.; Shaikh, M.; Rossi, M.; Wilber, S.; Green, S.J.;

Hamaker, B.R.; et al. Dietary Fiber Treatment Corrects the Composition of Gut Microbiota, Promotes SCFA Production,
and Suppresses Colon Carcinogenesis. Genes 2018, 9, 102. [CrossRef]

66. Dayib, M.; Larson, J.; Slavin, J. Dietary Fibers Reduce Obesity-Related Disorders: Mechanisms of Action. Curr. Opin. Clin. Nutr.
Metab. Care 2020, 23, 445–450. [CrossRef]

67. McRae, M.P. Dietary Fiber Is Beneficial for the Prevention of Cardiovascular Disease: An Umbrella Review of Meta-Analyses.
J. Chiropr. Med. 2017, 16, 289–299. [CrossRef]

68. Pituch-Zdanowska, A.; Banaszkiewicz, A.; Albrecht, P. The Role of Dietary Fibre in Inflammatory Bowel Disease. Prz. Gastroenterol.
2015, 10, 135–141. [CrossRef]

69. Merenkova, S.P.; Zinina, O.V.; Stuart, M.; Okuskhanova, E.K.; Androsova, N.V. Effects of dietary fiber on human health: A review.
Human. Sport. Med. 2020, 20, 106–113. [CrossRef]

70. Fuenmayor, B.C.; Zuluaga, D.C.; Díaz, M.C.; de Quicazán, C.M.; Cosio, M.; Mannino, S. Evaluation of the Physicochemical and
Functional Properties of Colombian Bee Pollen. Revista MVZ Córdoba 2014, 19, 4003–4014. [CrossRef]

71. Calder, P.C. Omega-3 Fatty Acids and Inflammatory Processes: From Molecules to Man. Biochem. Soc. Trans. 2017, 45, 1105–1115.
[CrossRef]

72. La Guardia, M.; Giammanco, S.; Di Majo, D.; Tabacchi, C.; Tripoli, E.; Giammanco, M. Omega 3 Fatty Acids: Biological Activity
and Effects on Human Health. Panminerva. Med. 2005, 47, 245–257.

73. Thakur, M.; Nanda, V. Composition and Functionality of Bee Pollen: A Review. Trends Food Sci. Technol. 2020, 98, 82–106.
[CrossRef]

74. Li, Q.; Liang, X.; Zhao, L.; Zhang, Z.; Xue, X.; Wang, K.; Wu, L. UPLC-Q-Exactive Orbitrap/MS-Based Lipidomics Approach
To Characterize Lipid Extracts from Bee Pollen and Their in Vitro Anti-Inflammatory Properties. J. Agric. Food Chem. 2017, 65,
6848–6860. [CrossRef]

75. AL-Kahtani, S.N. Fatty Acids and B Vitamins Contents in Honey Bee Collected Pollen in Relation to Botanical Origin. Sci. J. King
Faisal Univ. 2017, 18, 41–48.

76. Conte, G.; Benelli, G.; Serra, A.; Signorini, F.; Bientinesi, M.; Nicolella, C.; Mele, M.; Canale, A. Lipid Characterization of Chestnut
and Willow Honeybee-Collected Pollen: Impact of Freeze-Drying and Microwave-Assisted Drying. J. Food Compos. Anal. 2017, 55,
12–19. [CrossRef]

77. Dong, J.; Yang, Y.; Wang, X.; Zhang, H. Fatty Acid Profiles of 20 Species of Monofloral Bee Pollen from China. J. Apic. Res. 2015,
54, 503–511. [CrossRef]

78. Bailey, R.L.; West, K.P., Jr.; Black, R.E. The Epidemiology of Global Micronutrient Deficiencies. ANM 2015, 66, 22–33. [CrossRef]
79. FAO; IFAD; UNICEF; WFP; WHO. The State of Food Security and Nutrition in the World 2020. In Transforming Food Systems for

Affordable Healthy Diets; FAO: Rome, Italy, 2020. [CrossRef]
80. Gernand, A.D.; Schulze, K.J.; Stewart, C.P.; West, K.P.; Christian, P. Micronutrient Deficiencies in Pregnancy Worldwide: Health

Effects and Prevention. Nat. Rev. Endocrinol. 2016, 12, 274–289. [CrossRef]
81. Kangalgil, M.; Sahinler, A.; Kırkbir, I.B.; Ozcelik, A.O. Associations of Maternal Characteristics and Dietary Factors with Anemia

and Iron-Deficiency in Pregnancy. J. Gynecol. Obstet. Hum. Reprod. 2021, 50, 102137. [CrossRef]
82. Khayat, S.; Fanaei, H.; Ghanbarzehi, A. Minerals in Pregnancy and Lactation: A Review Article. J. Clin. Diagn. Res. 2017, 11,

QE01–QE05. [CrossRef]
83. Looman, M.; Schoenaker, D.A.J.M.; Soedamah-Muthu, S.S.; Mishra, G.D.; Geelen, A.; Feskens, E.J.M. Pre-Pregnancy Dietary

Micronutrient Adequacy Is Associated with Lower Risk of Developing Gestational Diabetes in Australian Women. Nutr. Res.
2019, 62, 32–40. [CrossRef]

84. Moreno-Reyes, R. Micronutrient Deficiencies and the Thyroid in Pregnancy. Placenta 2017, 51, 102. [CrossRef]
85. Ibrahim, M.K.; Zambruni, M.; Melby, C.L.; Melby, P.C. Impact of Childhood Malnutrition on Host Defense and Infection. Clin.

Microbiol. Rev. 2017, 30, 919–971. [CrossRef]
86. Ritchie, H.; Roser, M. Micronutrient Deficiency. Our World in Data, August 2017.
87. Tan, M.; Yang, T.; Zhu, J.; Li, Q.; Lai, X.; Li, Y.; Tang, T.; Chen, J.; Li, T. Maternal Folic Acid and Micronutrient Supplementation Is

Associated with Vitamin Levels and Symptoms in Children with Autism Spectrum Disorders. Reprod. Toxicol. 2020, 91, 109–115.
[CrossRef]

257



Antioxidants 2023, 12, 557

88. Gorji, A.; Khaleghi Ghadiri, M. Potential Roles of Micronutrient Deficiency and Immune System Dysfunction in the Coronavirus
Disease 2019 (COVID-19) Pandemic. Nutrition 2021, 82, 111047. [CrossRef]

89. Hoffman, R. Micronutrient Deficiencies in the Elderly–Could Ready Meals Be Part of the Solution? J. Nutr. Sci. 2017, 6, e2.
[CrossRef]

90. Song, E.K.; Moser, D.K.; Kang, S.-M.; Lennie, T.A. Association of Depressive Symptoms and Micronutrient Deficiency With
Cardiac Event–Free Survival in Patients With Heart Failure. J. Card. Fail. 2015, 21, 945–951. [CrossRef]

91. Wang, M.X.; Koh, J.; Pang, J. Association between Micronutrient Deficiency and Acute Respiratory Infections in Healthy Adults:
A Systematic Review of Observational Studies. Nutr. J. 2019, 18, 80. [CrossRef]

92. Shankar, A.H. 140-Mineral Deficiencies. In Hunter’s Tropical Medicine and Emerging Infectious Disease, 9th ed.; Magill, A.J.,
Hill, D.R., Solomon, T., Ryan, E.T., Eds.; W.B. Saunders: London, UK, 2013; pp. 1003–1010. ISBN 978-1-4160-4390-4.

93. Bogdanov, S. Pollen: Nutrition, Functional Properties, Health. Bee Prod. Sci. 2012, 20–350.
94. Li, Q.-Q.; Wang, K.; Marcucci, M.C.; Sawaya, A.C.H.F.; Hu, L.; Xue, X.-F.; Wu, L.-M.; Hu, F.-L. Nutrient-Rich Bee Pollen: A Treasure

Trove of Active Natural Metabolites. J. Funct. Foods 2018, 49, 472–484. [CrossRef]
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152. Dulger Altiner, D.; Sandίkcί Altunatmaz, S.; Sabuncu, M.; Aksu, F.; Sahan, Y. In-Vitro Bioaccessibility of Antioxidant Properties of
Bee Pollen in Turkey. Food Sci. Technol. 2020, 41, 133–141. [CrossRef]

153. Fatrcová-Šramková, K.; Nôžková, J.; Máriássyová, M.; Kačániová, M. Biologically Active Antimicrobial and Antioxidant
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Abstract: Gliomas, including glioblastoma multiforme and astrocytoma, are common brain cancers
in adults. Propolis is a natural product containing many active ingredients. The aim of this study was
to compare the chemical composition, total phenolic content and concentration of toxic elements as
well as the anticancer potential of Polish (PPE) and New Zealand (Manuka—MPE) propolis extracts
on diffuse astrocytoma derived from patient (DASC) and glioblastoma (T98G, LN-18) cell lines.
The antioxidants such as flavonoids and chalcones (pinocembrin, pinobanksin, pinobanksin 3-acetate
and chrysin) were the main components in both types of propolis. The content of arsenic (As) and
lead (Pb) in MPE was higher than PPE. The anti-proliferative study showed strong activity of PPE
and MPE propolis on DASC, T98G, and LN-18 cells by apoptosis induction, cell cycle arrest and
attenuated migration. These findings suggest that despite their different geographic origins, Polish
and New Zealand propolis are sources of antioxidant compounds and show similar activity and a
promising anti-glioma potential in in vitro study. However, further in vivo studies are required in
order to assess therapeutic potential of propolis.

Keywords: propolis; polyphenols content; glioma cells; cancer prevention and treatment

1. Introduction

Gliomas are tumors of neuroepithelial origin and represent approximately 40% of
primary intracranial tumors. Diffuse astrocytomas belong to a category of diffuse gliomas
which arise from glial cells. A glioma is a slow-growing brain tumor and tends to grow
into and infiltrate neighboring, healthy tissue brain. Glioblastoma multiforme (GBM) is the
most aggressive malignant tumor in the CNS and has a poor prognosis [1]. A characteristic
feature of glioma is the diversity of histological features and cell composition. Currently,
the main method of treatment this type of tumor is surgery, which offers rapid relief from
the symptoms of high intracranial pressure and provides a chance to remove or reduce
neurological defects. The next step is radio and chemotherapy [2]. However, patients
with the GBM treated with radiotherapy combined with temozolomide (TZM) expect a
median survival of only 15 months [3]. Therefore, natural compounds which could enhance
currently available treatment modalities are sorely needed.

Propolis is a natural product composed of tree and plant resin, bee wax, pollen and
gland secretions of bees. When compared to other natural products, propolis is unique,

Antioxidants 2022, 11, 1305. https://doi.org/10.3390/antiox11071305 https://www.mdpi.com/journal/antioxidants265



Antioxidants 2022, 11, 1305

since it is of both plant and animal origin. It contains a wide range of active components,
whose concentrations depends primarily on the geographical provenance, season of the
year, and the breed of bees. There are several types of propolis: “Poplar” (European,
Chinese, North and South American, including Manuka propolis from New Zealand),
“Brazilian green” (containing artepillin-C), “Red” (from Cuba, Brazil, Mexico), “Birch”
(from Russia), “Mediterranean” (Greece, Crete, Sicily, Malta), “Pacific” (from Okinawa,
Taiwan, Indonesia) and “Clusia” (from Cuba and Venezuela) [4]. Hence, various biological
activities of propolis have been reported by many authors. The most active compounds
are flavonoids (e.g., chrysin, apigenin, pinocembrin, pinobanksin, kaempferol), aromatic
acids (e.g., p-coumaric, ferulic), and esters (caffeic acid phenethyl ester—CAPE) [5,6].
A number of studies concerning the anti-tumor activity of propolis on various cancer
cell lines such as human colorectal cancer (DLD-1) [4], human lung cancer (A549) [7],
gastric cancer (HGC27) [8], and human prostate cancer (PC3) [9] have been published.
The chemical composition and antiproliferative effect of propolis from Poland on the
human glioblastoma multiforme cell line U87MG has been confirmed in our previous
studies [5,10,11]. The research studies have focused on the potential utilization of propolis
phenolic compounds in the development of new anti-cancer drugs [12,13]. The role of
antioxidant action in cancer cells is complex and not completely understood. Scientific
research shows that antioxidants are able to decrease the tumor formation risk by preventing
ROS-induced oxidation of DNA and sub-sequent DNA damage [14], but on the other hand,
Schafer et al. showed that antioxidant activity may promote the survival of preinitiated
tumor cells in unnatural matrix environments and thus enhance malignancy [15].

It is well known that propolis has a very rich chemical composition, and its com-
pounds show a multidirectional effect on the human body. The present study compare the
antiproliferative activity of propolis from Poland and from New Zealand on different types
of brain tumor—human diffuse astrocytoma cell line (DASC) derived from a patient with
Grade II glioma and glioblastoma multiforme T98G and LN-18 cell lines.

2. Materials and Methods
2.1. Materials

DMEM/Ham’s F12 with L-glutamine was purchased from PAA Laboratories GmbH
(Pasching, Austria). Dulbecco’s modified eagle medium (DMEM), fetal bovine serum
(FBS), minimal essential medium eagle (MEM) with L-glutamine, trypsin-EDTA, penicillin,
streptomycin were purchased from Gibco (Thermo Fisher Scientific, Waltham, MA, USA).
Calcium-free phosphate-buffered saline (PBS) was received from Biomed (Lublin, Poland).
Bis(trimethylsilyl)trifluoroacetamide (BSTFA) with an addition of 1% trimethylchlorosilane,
C10–C40 n-alkane standard solution, methylthiazolyl diphenyl-tetrazolium bromide (MTT),
dimethyl sulfoxide (DMSO), pyridine, trichloroacetic acid, and trizma base were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Ethanol at 95% was obtained (AWW Group,
Poland). The scintillation cocktail was purchased from PerkinElmer (Boston, MA, USA)
and methyl-3H thymidine from MP Biomedicals, Inc. (Irvine, CA, USA).

2.2. Sample Preparations

Propolis of Apis mellifera was collected in the Podlasie region (northeastern Poland).
To prepare the ethanolic extract of Polish propolis (PPE), 20 g of crushed propolis was
extracted on a shaker with 80 g of 70% ethanol for 12 h in a darkened place. The extract
was centrifuged at 2500 rpm for 10 min at 20 ◦C, evaporated (40 ◦C) in a rotary evaporator
(Rotavapor R-3, Buchi, Switzerland) and lyophilized. The dry Polish propolis extract (PPE)
was protected from light and kept frozen at −20 ◦C. The yield of the prepared extracts
(% w/w) in terms of the starting material was 47.6.

Propolis Manuka Health New Zealand (Bio 30) ethanolic tincture was purchased from
the manufacturer. The tincture was evaporated (40 ◦C) in a rotary evaporator (Rotavapor
R-3, Buchi, Switzerland) and lyophilized. The dry Manuka propolis extract (MPE) was
protected from light and kept frozen at −20 ◦C.
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The extracts were dissolved in DMSO and prepared as 1 mg/mL stock solution
(calculated as dry extracts) in the culture medium.

2.3. Gas Chromatography–Mass Spectrometry (GC-MS) Analysis

At this stage, 5 mg of PPE and MPE were diluted with 220 µL of pyridine and 80 µL of
BSTFA with an addition of 1% trimethylchlorosilane. The reaction mixture was sealed and
heated for 0.5 h at 60 ◦C to form trimethylsilyl (TMS) derivatives.

GC-MS analyses of PPE and MPE were performed using GC-MS on an HP 6890 gas
chromatograph with a mass selective detector MSD 5973 (Agilent Technologies, Santa
Clara, CA, USA) equipped with a ZB-5MSi fused silica column (30 m, 0.25 mm i.d., 0.25 µm
film thickness), with electronic pressure control and a split/splitless injector. Helium flow
rate through the column was 1 mL/min in a constant flow mode. The injector worked
at 250 ◦C in the split (1:50) mode. The initial column temperature was 50 ◦C, rising to
310 ◦C at 5 ◦C/min and the higher temperature was maintained for 15 min. MSD detector
acquisition parameters were as follows: transfer line temperature 280 ◦C, MS Source
temperature 230 ◦C and MS Quad temperature 150 ◦C. The EIMS spectra were obtained
at the ionization energy of 70 eV. The MSD was set to scan 41–600 a.m.u. Following
the integration, the fraction of each component in the total ion current was calculated.
Hexane solutions of C10–C40 n-alkanes were separated under the above conditions. Gas
chromatographic linear programmed retention indices (IT) were calculated on the basis
of the retention times of the n-alkanes hexane solution and separated components of the
extract samples.

To identify the separated components, two independent analytical parameters were
used: mass spectra and calculated retention indices. The mass spectrometric identification
of non-derivatized components was performed with an automatic system for GC-MS data
processing supplied by the NIST 14 library (NIST/EPA/NIH Library of Electron Ionization
Mass Spectra). The mass spectra and retention indices of the components registered in
the form of TMS derivatives were compared with those presented in a recently published
database [16] and a private mass spectra library. Identification was considered reliable if the
results of the computer search of the mass spectra library were confirmed by experimental
RI values, i.e., if their deviation from the published database values did not exceed ± 10 u.i.
(the average quantity of inter-laboratory deviation for non-polar stationary phases).

2.4. Total Phenolic Content Analysis

Total phenolic content (TPC) was measured using the Folin–Ciocalteu colorimet-
ric method (FC). Absorbance versus a prepared blank was read at 760 nm using Cintra
3030 (GBC Scientific Equipment, Melbourne, Australia). The results were expressed as
milligrams of gallic acid equivalent (GAE) per gram of a dry extract. The concentration
of samples equaled 2 mg/mL (extract dissolved in 70% ethanol). Data were expressed as
mean ± SD.

2.5. Toxic Elements Analysis (Arsenic, Cadmium, and Lead)

Coupled plasma mass spectrometry (ICP-MS, NexION 300D, PerkinElmer, USA) was
applied to determine toxic element. Before analysis, propolis samples were mineralized
according to a procedure proposed by Bielecka et al. [17]. A kinetic energy discrimination
(KED) chamber was used in the case of As and the standard mode in the case of Cd and
Pb. In order to correct for polyatomic interference in this configuration, kinetic energy
discriminations and collisions were applied. The results were obtained in counts per second
(cps) and based on calibration curves, were converted into concentrations. To determine
the limit of detection (LOD), 10 independent blank determinations were made. A three-fold
standard deviation (SD) from the mean value determined in concentration units was taken
as the LOD. The LOD values were 0.018 µg/kg for As, 0.017 µg/kg for Cd, and 0.16 µg/kg
for Pb. ICP-MS conditions for As, Cd, and Pb determination were described in our previous
publication [17]. Quality control was performed by analyzing certified reference material
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(corn flour INCT-CF-3, Institute of Nuclear Chemistry and Technology, Warsaw, Poland)
prior to the start of the analysis. The results of the quality control are summarized in
Table 1.

Table 1. Results obtained in the quality control process.

Element Precision (%) Recovery (%) Declared Concentration in CRM (µg/kg)

As 3.3 99.0 10

Cd 2.5 99.1 7

Pb 2.4 99.5 52
CRM—certified reference material.

2.6. Cell Culture

The study was performed using Diffuse Astrocytoma Stem-like Cells (DASC) and
glioblastoma multiforme cell lines (T98G and LN-18). The DASC cell line was derived
from a 43-year-old patient with diffuse astrocytoma (Grade II), as described in our previous
research [18]. The study was approved by the local Ethics Committee [18]. T98G and LN-18
had been obtained from the American Type Culture Collection (ATCC, Rockville, MD,
USA). The cells were cultured in a humidified incubator at 37 ◦C and 5% CO2 atmosphere,
in MEM (DASC and T98G) or DMEM (LN-18) supplemented with 10% heat inactivated
FBS; 100 U/mL penicillin and 0.1 mg/mL streptomycin. Subconfluent cells were detached
with a trypsin-EDTA solution in PBS and counted in a Neubauer hemocytometer. Assays
were performed in triplicate.

2.7. Cell Viability Assay

Cell viability was measured using an MTT assay, as previously described for glioma
cells [19]. The effects of PPE and MPE extracts on DASC, T98G and LN-18 cell lines were
studied after 24 h, 48 h and 72 h of the treatment. The cells were cultured as follows: in a
humidified incubator at 37 ◦C and 5% CO2 atmosphere; in MEM or DMEM supplemented
with 10% heat inactivated FBS; with 100 U/mL penicillin and 0.1 mg/mL streptomycin.
Doses of propolis (10, 20, 30, 50, 100 µg/mL) were selected in our previous experiments [11].
Cells at a density of 1 × 105 cells/mL were seeded onto 96-well plates at a volume of 200 µL
per well and grown for 22 h at 37 ◦C in a humidified 5% CO2 incubator. The data were
expressed as a percentage of the control (0.1% DMSO).

2.8. DNA Synthesis Assay

At this stage, [3H]-thymidine assays were performed to study DNA synthesis in the
cells after the treatment. The cells were seeded (1.5 × 105 cell/well) on 24-well plates
in MEM or DMEM supplemented with 10% heat inactivated FBS, 100 U/mL penicillin
and 0.1 mg/mL streptomycin, and exposed to the treatment medium containing DMSO
(0.1%-control), PPE and MPE (30 µg/mL). The cells were cultured for 20, 44 and 68 h prior
to adding 0.5 µCi of [3H]-thymidine per well. After 4 h of incubation with [3H]-thymidine,
the medium was removed and the cells were washed twice with cold 0.05 M Tris-HCl and
5% trichloroacetic acid, then scraped and transferred to a scintillation cocktail. The level
of [3H]-thymidine incorporated in the newly synthesized DNA strand was assessed by
a scintillation counter in relation to the DNA synthesis in the control cells. Amount of
incorporated [3H]-thymidine indicates the ability of cells proliferation.

2.9. Migration Assay (Scratch Assay)

For the scratch test, the DASC, T98G and LN-18 cells were cultured (0.5 × 106 cell/well)
on 6-well plates, at 37 ◦C in a humidified atmosphere of 5% CO2. After reaching 80–90%
confluence, the cells in the well plates were scratched with a sterile 20 µL micropipette tip
to the same length and width. After each well had been washed with PBS to remove debris,
the cells were treated with PPE and MPE (30 µg/mL) and medium containing DMSO (0.1%,
control), and then incubated for 42 h. The images of each treatment well were captured at
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100× magnification, using an Olympus CKX 41 microscope and KcJunior program at each
time point (0, 18, 42 h) and combined into one figure. The images acquired for each sample
at different times were quantitatively analyzed using ImageJ 1.52v analysis software, a free
image-processing and analysis program. The cell migration was calculated as a percentage
of scratch area.

2.10. Cell Cycle Assay

The effect of PPE and MPE on the cell cycle was analyzed by the Advanced Image
Cytometer NucleoCounter NC-3000 (ChemoMetec, Lillerød, Denmark), as described in our
previously published study [19]. The DASC, T98G, and LN-18 cells were seeded into 6-well
plates at a density of 1 × 106 cells per well. After 24 h of incubation, the cells were treated
with PPE and MPE (30 µg/mL) or a medium containing DMSO (0.1%, control). After 24 h
of cell treatment, the test was performed using 1–2 × 106 cells, according to the 2-step cell
cycle assay protocol of the manufacturer (ChemoMetec, Lillerød, Denmark). The results
are presented as the percentages of the cells in different cell cycle phases: subG1, G1/G0, S,
and G2/M.

2.11. Annexin V Assay

Using image analysis, the NucleoCounter® NC-3000™(ChemoMetec, Lillerød, Den-
mark), we indicated a quantification of early apoptotic cells based on Annexin V binding
and PI exclusion. Cells (2−4 × 105) were stained with Annexin V-CF488A conjugate along
with Hoechst 33342. Just before analysis, cells were mixed with PI to stain nonviable cells.
The DASC, T98G, and LN-18 cells were seeded into 6-well plates at a density of 1 × 105 cells
per well, and after 24 h of incubation, they were treated with PPE and MPE (30 µg/mL).
After 48 h of incubation with the studied agents, the assay was performed following the
manufacturer’s protocol for the Annexin V assay (ChemoMetec, Lillerød, Denmark).

2.12. Statistical Analysis

All data were analyzed using Statistica software, version 13.3. The results were
expressed as mean ± SD and statistically compared to the control. Values were tested for
a normal distribution using the Shapiro–Wilk test. Differences between two groups were
analyzed using Student’s t-test or Mann–Whitney U test. p < 0.05 was considered to be
statistically significant.

3. Results
3.1. Chemical Composition and Total Phenolic Content of PPE and MPE

In this study, more than 100 individual compounds in PPE and more than 150 com-
pounds in MPE were identified by GC-MS analysis (Supplementary material Table S1).
A list of the main constituents is presented in Table 2, where both propolis extracts con-
tained a lot of antioxidants compounds. Flavonoids and chalcones were the main compo-
nents of both examined types of propolis (PPE, 49.4%; MPE, 52.1%) (Table 3). The main
representatives of this group of compounds in PPE and MPE were pinocembrin (8.16%
and 14.64%), pinobanksin (4.25% and 4.70%), pinobanksin 3-acetate (11.27% and 9.21%),
chrysin (5.33% and 5.73%), galangin (8.95% and 9.60%), respectively, and their derivatives
(Table 2). Cinnamic acid derivatives such as esters 3-methyl-2-bytenyl (E)-caffeate, benzyl
(E)-caffeate, benzyl (E)-p-coumarate, 2-phenylethyl p-coumarate, benzyl (E)-ferulate, CAPE,
cinnamyl (E)-p-coumarate and others were the second significant group of compounds in
PPE and MPE (19.8% and 14.5%, respectively) (Table 2). Considerable quantities of aro-
matic acids were present in both studied propolis extracts, although propolis from Poland
(PPE–18.3%) contained twice as great a quantity of aromatic acids as propolis from New
Zealand (MPE–7.8%) (Table 3). The main representatives of this group were p-coumaric
acid, (E)-ferulic acid and (E)-caffeic acid. PPE contained high levels of p-coumaric acid
(9.80%) (Table 2). TPC determination confirmed that PPE and MPE are rich sources of
polyphenolic antioxidants—243.7 ± 9.0 in PPE and 245.6 ± 5.9 mg GAE/g in MPE (Table 4).
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Table 2. The main chemical compounds of the ethanolic extracts of propolis from Poland (PPE) and
propolis from New Zealand (MPE), determined by GC-MS.

Components, TMS Derivative IT
Exp IT

Lit PPE
[%]

MPE
[%]

Benzoic acid 1244 1247 1.80 0.33

Cinnamic acid 1542 1546 0.20 1.82

p-Coumaric acid 1944 1947 9.77 0.87

3,4-Dimethoxycinnamic acid 2030 2034 - 1.51

(E)-Ferulic acid 2101 2101 3.22 0.15

(E)-Caffeic acid 2155 2155 2.10 1.53

3-Methyl-3-butenyl (E)-caffeate 2371 2367 1.18 3.39

3-Methyl-1-butenyl (E)-caffeate 2374 2375 0.50 0.44

3-Methyl-2-bytenyl (E)-caffeate 2425 2421 1.65 2.36

Pinocembrin, mono-TMS 2460 2461 1.14 0.46

Benzyl (E)-p-coumarate 2516 2515 3.78 0.37

Pinocembrin 2551 2552 6.93 14.10

2-Phenylethyl p-coumarate 2603 2603 1.02 0.11

Pinobanksin 2613 2611 4.25 4.73

Pinobanksin 3-acetate, mono-TMS 2634 2632 1.26 0.21

Chrysin, mono-TMS 2655 2648 1.95 0.42

5,7-Dihydroxy-3-methoxyflavanone 2675 2673 2.02 2.04

Benzyl (E)-ferulate 2680 2680 1.64 0.45

Pinobanksin 3-acetate, di-TMS 2694 2693 10.01 9.00

Benzyl (E)-caffeate 2723 2722 3.79 2.70

Chrysin, di-TMS 2746 2745 5.33 5.73

Galangin, tri-TMS 2767 2769 8.95 9.60

CAPE 2805 2805 1.29 1.15

Cinnamyl (E)-p-coumarate 2836 2833 1.91 0.23

Sakuranetin 2877 2880 0.55 0.05

Quercetine 3218 3213 0.11 -

Table 3. Group composition of ethanolic extracts from Poland (PPE) and New Zealand (MPE) propolis.

Group of Compounds PPE [%] MPE [%]

Flavonoids and chalcones 49.4 52.1

Aromatic acids 18.3 7.8

Cinnamic acid esters 19.8 14.5

Phenylpropenoid glicerydes 1.3 0.0

Aliphatic and aromatic alcohol 0.2 0.8

Aliphatic acids 0.8 0.2

Carbohydrates 6.2 18.7

Sesquiterpenoids 0.0 0.2

Other compounds 4.0 5.7

Total 100.0 100.0

270



Antioxidants 2022, 11, 1305

Table 4. Total phenolic content and toxic elements concentration of ethanolic extract from Poland
(PPE) and New Zealand (MPE) propolis.

Extracts TPC [mg GAE/g]
Mean ± SD

Toxic Elements [mg/kg]

As Cd Pb

PPE 243.7 ± 9.0 0.00 0.01 0.16
MPE 245.6 ± 5.9 0.88 0.01 3.74

3.2. Toxic Elements Content

In this study, we determined the arsenic, cadmium, and lead content in Polish and
Manuka propolis by ICP-MS method. The results are presented in Table 4.

3.3. Cell Viability

In this study, the impact on the viability was determined using different types of brain
cancer cells—astrocytoma cell line derived from a patient (DASC) and two glioblastoma
T98G and LN-18 cell lines from the ATCC. Dose- and time-dependent decreases in the
viability (by MTT) of DASC were observed after 24, 48 and 72 h of incubation with both
PPE and MPE (compared to the control) (Figure 1), and were comparable for both kinds
of propolis. For the DASC cell line, we observed a significant reduction in cell numbers
(p < 0.05) in all concentrations after 24, 48, and 72 h; for the dose of 30 µg/mL, it was
77.9 ± 4.3% and 81.3 ± 4.0% after 24 h, 58.6 ± 0.3% and 63.4 ± 7.8% after 48 h, and
47.0 ± 3.2% and 51.6 ± 8.1% after 72 h for PPE and MPE, respectively (Figure 1A–C).
A significant (although lower than 10%) difference (p < 0.05) in the reduction in DASC cells
treated with PPE in comparison to those treated with MPE was observed for the 100 µg/mL
concentration after 48 h (approximately 7%) (Figure 1B) and for 20, 50, and 100 µg/mL
concentrations after 72 h (8.4%, 6.9%, and 3.0%, respectively) (Figure 1C). For the T98G cell
line, we observed a stronger, more significant reduction in cell numbers (p < 0.05) in all
concentrations after 24, 48 and 72 h than for the DASC cell line; for the dose of 30 µg/mL,
it was 78.4 ± 3.0% and 75.2 ± 2.3% after 24 h, 62.8 ± 1.3% and 50.8 ± 7.2% after 48 h,
and 30.7 ± 7.7% and 22.0 ± 8.3% after 72 h for PPE and MPE, respectively (Figure 1D–F).
Interestingly, dose-dependent decreases in the viability of T98G cells were observed after
24, 48 and 72 h, but only for the 10–50 µg/mL dose range. After the treatment of the
100 µg/mL dose, the decrease in viability was smaller than for the 50 µg/mL dose. This
effect can be connected with the impact of the phytochemicals from propolis on activity of
succinate dehydrogenase; however, some studies suggest that natural antioxidants may
have a direct reductive potential and can interfere with MTT [20–22]. Therefore, for further
study, a lower dose (30 ug/mL) of PPE and MPE has been used. A significant difference
(p < 0.05) in the reduction in T98G cells treated with PPE in comparison to those treated
with MPE was observed for the 50 µg/mL concentration after 24 h (Figure 1D), for 10,
20, 30, and 50 µg/mL concentrations after 48 h (Figure 1E), as well as and 20, 50, and
100 µg/mL concentrations after 72 h (Figure 1F). A significant (p < 0.05) reduction in cell
number was observed for LN-18 in all concentrations of PPE and MPE after 24, 48 and 72 h.
For the dose of 30 µg/mL, it was 81.6 ± 3.3% and 83.2 ±0.9% after 24 h, 49.1 ± 7.8% and
65.7 ± 8.0% after 48 h, 40.8 ± 2.5% and 41.1 ± 2.9% after 72 h for PPE and MPE, respectively.
A significant difference (p < 0.05) in the reduction in LN-18 cells treated with PPE, as
compared with those treated with MPE was observed for the 10, 30, 50, and 100 µg/mL
concentrations after 48 h (Figure 1H), as well as for 50, and 100 µg/mL concentrations after
48 h (Figure 1I). Interestingly, PPE decreases the viability of LN-18 cells significantly more
strongly than MPE.
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Figure 1. The viability of DASC (A–C), T98G (D–F) and LN-18 (G–I) cells after treatment with PPE
and MPE (in concentrations 10, 20, 30, 50, 100 µg/mL) after 24, 48 and 72 h of incubation. The results
are presented as a percentage of control. All statistical analyses were performed using Student’s
t-tests or Mann–Whitney U tests (significant changes: * p < 0.05 vs. control, # PPE vs. MPE).

3.4. DNA Biosynthesis

The impact of PPE and MPE on DNA biosynthesis in the [3H]-thymidine incorporation
assay was examined in order to confirm if the inhibition of cell viability was caused by a
reduction in proliferation capacity. As regards the DASC cell line, we found that both PPE
and MPE significantly inhibited proliferation—by approximately 10.2% and 13.2% after
48 h and by approximately 23.1% and 18.6% after 72 h, respectively (Figure 2A–C). For the
T98G cell line, we observed a significant reduction in proliferation capacity (p < 0.05) only
in the case of MPE: 18.4% after 24 h, 18.6% after 48 h and 39.6% after 72 h (Figure 2D–F).
For the LN-18 cell line, we found a significant reduction in proliferation capacity (p < 0.05)
with both PPE and MPE after 24, 48, and 72 h: approximately 40.6% and 44.5% after 24 h,
39.4% and 43.3% after 48 h, and 67.6% and 75.6% after 72 h, respectively (Figure 2G–I).
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Figure 2. The [3H]-thymidine incorporation into DASC, T98G and LN-18 cells after treatment with
PPE and MPE. Legend: [3H]-thymidine incorporation into DASC (A–C) and T98G (D–F) and LN-18
(G–I) cells after 24, 48, 72 h of incubation with PPE and MPE (in concentrations 30 µg/mL). The results
are presented as a percentage of control. All statistical analyses were performed using Student’s t-test
(significant changes: * p < 0.05 vs. control).

3.5. Cells Migration

PPE and MPE impact on DASC, T98G and LN-18 cells migration was assessed using
an in vitro scratch wound assay. Images of scratch areas from the time points 0, 12 and
42 and the percentage of the open wound area are illustrated in Figure 3. Our data show
that MPE inhibited cell migration more strongly than PPE in the DASC (to 33.6% after 42 h)
and LN-18 (to 26.0% after 42 h) cell lines. Regarding the T98G cell lines, both MPE and PPE
inhibited cell migration to a similar extent (to 27.0%).
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Figure 3. The effects of EEP (6.25 µg/mL) and MPE (30 µg/mL) on DASC, T98G and LN-18 on cells
migration after 0, 18, 42 h of incubation.

3.6. Cell Cycle

The effects of PPE (30 µg/mL) and MPE (30 µg/mL) on the cycle of DASC, LN-18, and
T98G cells after 48 h are illustrated in Figure 4. Our data demonstrate that PPE induced
cell cycle arrest in the subG1/G1 phase in T98G (increased to 24.0% ± 2.6) and LN-18
(increased to 11.7% ± 0.6) cells compared to control (p < 0.05), but not in DASC cells. MPE
induced cell cycle arrest in the subG1/G1 phase only in the T98G cell line (increased to
15.8% ± 0.5). The changes in DASC cell cycles were not observed.
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 Figure 4. The effect of PPE and MPE on cell cycle analysis. DASC, T98G and LN-18 cells were
incubated for 48 h with PPE (30 µg/mL) and MPE (30 µg/mL). Both the histogram and the bars
present distributions of cells in subG1, G1, S and G2/M phases of the cell cycle.

3.7. Cell Apoptosis

In our study, we examined the impact of PPE and MPE treatment on glioma cell
apoptosis (DASC, LN-18, T98G) by annexin V and PI staining. The results (Figure 5)
showed that PPE caused increased early apoptosis (lower right quadrat) in DASC, T98G,
and LN-18 cells (by approximately (75%, 38% and 77%, respectively, compared to control)
and late apoptosis/necrosis (upper quadrat) in DASC and T98G cells (by 25% and 43%,
respectively, compared to control). Treatment with MPE led to early apoptosis in DASC and
LN-18 cells (by 60% and 74%, respectively, compared to control) and late apoptosis/necrosis
in DASC and T98G cells (by 38% and 58%, respectively, compared to control).
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4. Discussion

Propolis owes its complex chemical composition to the quality of the resinous materials
gathered by honey bees from different floral sources available around the hive. The quality
of the resins has an impact on the quality and bioactivity of propolis. The chemical compo-
sition of the tested propolis was characterized by a similar amount of the identified active
components and the total content of phenols, which is consistent with the classification
of propolis from New Zealand as the “Poplar” type. Kumazawa et al. [23] conducted
a comparison of the antioxidant activity and composition, as well as total phenol and
flavonoid content, of individual samples of ethanolic extracted propolis from 14 countries
and showed that New Zealand-sourced propolis was similar in composition to propolis
from Bulgaria, Uzbekistan, Hungary, and three South American countries: Chile, Uruguay
and Argentina. In our analysis we found high content of compounds such as pinobanksin,
pinobanksin 3-acetate pinocembrin, chrysin or galangin. These compounds are character-
istic of propolis originating from bud exudates of Populus nigra [6,24]. The analysis also
confirmed research results published by other authors who have demonstrated that New
Zealand propolis has very high levels of pinocembrin and pinobanksin-3-O-acetate [4].

The TPC value in our study was on high level > 240 mg GAE/g in both propolis. Other
authors detected varying amounts of TPC in propolis. The values ranged from 14.6 to
150.8 mg GAE/g in Polish propolis [25] and from 99 ± 4.0 to 775 ± 8.5 mg GAE/g in
Manuka propolis [26]. The TPC value often depends on the extraction method utilized.

Diffusion of heavy metals in the environment, occurring as a result of various human
activities, results in penetration of these elements into food and direct human exposure to
their toxic effects. Toxic elements such as, Cd, and Pb, even in trace amounts, present a risk
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to human health, causing non-communicable diseases with long-term effects. In our study,
the level of As and Pb was higher in MPE than in PPE (Table 4). Comparing the obtained
results with the Commission Regulation (EC) No 629/2008 [27] standards for supplements
(Pb, 3.0 mg/kg; Cd, 1.0 mg/kg), we found that the level of Pb (3.74 mg/kg) in MPE
was exceeded, but the level of elements was assessed in the lyophilizates. The obtained
Pb content in the lyophilized extract was recalculated to Pb content in the liquid extract
(0.935 mg/kg) and did not exceed the standards. Polish propolis was also analyzed by
Matuszewska et al. [28]. The concentrations of As, Cd and Pb (As, 0.07 mg/kg; Cd,
0.04 mg/kg; Pb, 0.64 mg/kg) were higher than in PPE but not MPE. High concentration
of Pb (5.74 mg/kg), Cd (0.194 mg/kg), and As (0.657 mg/kg) in Polish propolis was also
indicate Roman et al. [29]. It should be noted that our PPE was obtained from green areas,
free from pollution (Podlasie region), while propolis analyzed by Roman et al. [29] from the
urban regions. Scientific research confirms that high amounts of toxic elements in propolis
may result from the level of urbanization of a region. Therefore, the content of these
elements in propolis should be constantly monitored. Studies by Ahamed et al. [30] confirm
that Pb can influence of viability, cell cycle, lipid peroxidation, and caspase activation
in human lung epithelial (A549) cells. However, it should be noted that propolis is a
product that contains a number of compounds with antioxidant potential. In a study by
Mu et al. [31], the cell viability assay results indicated that three phenolic acids—chicoric
acid, isochlorogenic acid C, and caffeic acid—alleviated the cytotoxicity induced by Pb2+.

Due to the presence of a large number of antioxidant substances, propolis exhibits
powerful anticancer activity, which has been confirmed in many studies [12–14,32]. Our
previous study has revealed that Polish propolis decreases viability and has an antipro-
liferative activity and additionally, synergistically cooperates with temozolomide (TMZ),
enhancing its growth-inhibiting activity against U87MG glioblastoma cell line through
the reduction in NF-κB activity [11]. Catchpole et al. [4] have demonstrated that propolis
from New Zealand has a strong antiproliferative effect against gastro-intestinal cancer cells
DLD-1, HCT-116, KYSE-30, and NCI-N87, due to the high level of phenolic compounds
(pinocembrin, pinobanksin-3-O-acetate and others). Propolis from Brazil has been demon-
strated to exert a strong inhibitory effect on cell growth in glioblastoma (U251 and U343)
and fibroblast cell lines (MRC5), although not on apoptosis, demonstrating a cytostatic
action [33]. In this study, comparing the effect of both propolis (PPE and MPE) extracts on
different glioma cell lines, we found strong, decreasing viability and antiproliferative effects
on DASC, T98G and LN-18 cells (Figures 1 and 2). Moreover, in scratch assay, it has been
showed that PPE and MPE inhibit cell migration (Figure 3). Another study also confirmed
the anti-migratory potential of propolis in cancer cells. Chang et al. [34] showed that treat-
ment with different concentrations of Chinese propolis (25, 50 and, 100 µg/mL) and CAPE
(25 µg/mL) significantly inhibited the proliferation and migration of the LPS-stimulated
MDA-MB-231 breast cell line. Begnini et al. [35] reported that Brazilian Red Propolis (25 and
50 µg/mL) strongly inhibited migration in human bladder cancer 5637 cells.

Propolis shows anti-cancer activity through a various mechanisms. In our study,
we examined the influence of MPE and PPE on cell cycle and apoptosis in the DASC,
LN-18, and T98G cell lines. Both propolis extracts induced cell cycle arrest in T98G in
the subG1/G1 phase, but PPE only in LN-18 cell line. Lack of cell cycle changes in
DASC can be associated with a low proliferation capacity of that cells (Figure 4). What
is more, PPE and MPE may induce cell necrosis, especially in T98G and DASC cells
(Figure 5). Frión-Herrera et al. [36] showed that Cuban red propolis induced mitochondrial
dysfunction and LDH release in breast cancer cell line (MDA MB-231), which indicated cell
necrosis associated with reactive oxygen species production and decreased cell migration.
The accumulation of cell population in the Sub-G1 phase may suggest that propolis did
induce apoptosis. Interestingly, we also observed that PPE and MPE treatment induced cell
cycle arrest in the S phase in T98G cells (p < 0.05). Other authors have also observed this
effect. Jiang et al. [37] reported that Special Chinese propolis sourced from the Changbai
Mountains showed anti-proliferation activity in SGC-7901 human gastric cancer cells by
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inducing both death receptor-induced apoptosis and mitochondria-mediated apoptosis, as
well as cell cycle arrest in the S-phase. In this study, it has been observed that both PPE and
MPE induced apoptosis in each glioma cell line (DASC, LN-18, T98G) (Figure 5). Zeynep
et al. [38] also confirmed the apoptotic activity of propolis in C6 glioma cells. They showed
that an ethanolic extract of propolis induced apoptosis in C6 glioma cells by activating
the caspase cascade pathway, increasing caspase-8, -9, and -3 expression levels. The study
by Noureddine et al. [39] showed that Lebanese propolis induced an increase in SubG0
fraction in Jurkat, glioblastoma (U251) and breast cancer (MDA-MB-231) cells. This increase
in SubG0 was further investigated in Jurkat cells by annexinV/PI and showed an increase
in the percentage of cells in early and late apoptosis as well as necrosis.

Many publications have explored significant anti-cancer properties of individual
components of propolis. Szliszka and Krol [40] suggested that polyphenols from propolis
sensitized tumor cells to TRAIL-induced apoptosis. The compounds, in combination with
TRAIL, exhibit a strong cytotoxic effect on cancer cells [41,42]. Caffeic acid phenethyl
ester (CAPE) inhibits NF-kB and enhanced the extrinsic pathway of apoptosis in cancer
cells induced by TRAIL and Fas receptor stimulation [43]. The most recent research
has demonstrated that CAPE displays significant cytotoxicity towards two glioma cell
lines: Hs683 and LN319 [44]. Other authors have also confirmed that CAPE exhibits
powerful antitumor effects on the following cancer cells: fibroblasts from oral submucous
fibrosis (OSF), neck metastasis of Gingiva carcinoma (GNM) and tongue squamous cell
carcinoma (TSCCa) [45]. Chrysin shows antiproliferative activity against human colorectal
cancer cell line HCT-116, liver cancer cell line HepG2 and nasopharyngeal line CNE-1 to
TNF-α-induced apoptosis [46]. Chrysin induces apoptosis in cancer cells by the activation
of caspases and suppression of anti-apoptotic proteins such as IAP, c-FLIP, PI3K/Akt signal
pathway, inhibition of IKK and NF-kB activity [47].

In this study, the potential activity of propolis extract against glioma cells was demon-
strated, and the quality and safety of propolis were considered. Different glioma lines and
astrocytoma cell line were used to compare whether the direction of action of propolis may
be similar in different types of glioma. These are preliminary studies conducted in vitro.

Key factors in assessing a propolis extract, as well as other natural products in glioma
treatment, are its bioavailability, metabolism, active compounds, and blood–brain barrier
(BBB) permeability [48]. Bioavailability of some propolis compounds, such as flavonoids
(chrysin and galangin), is low, and they are rapidly metabolized, which may limit the
therapeutic potential of propolis extracts [49,50]. Despite that, Curti et al. [50] showed that
oral uptake of brown propolis is followed by rapid metabolism and by cellular adaptation
through the modulation of the concentration of first line antioxidant enzymes (SOD-1).
Moreover, it cannot be excluded that the activity of propolis depends on synergisms
between polyphenols and other active compounds [50]. An effective antiglioma agent must
cross the BBB. BBB is permeable to some phenolic acids, such as caffeic acid (presented in
studied extracts) [51] and flavonoids such as naringin, quercetin, genistein, epigallocatechin
or its metabolites, but is neglected by some others, such as resveratrol and curcumin [52,53].
Future investigations including in vivo studies with cyclic administration of propolis,
examination bioavailability and BBB permeability of propolis compounds are necessary for
the evaluation of the therapeutic potential of propolis extracts.

5. Conclusions

In summary, the above results show that propolis from Poland and propolis from New
Zealand (Manuka) have antiproliferative and pro-apoptotic activity on the human diffuse
astrocytoma cell line (DASC) (Grade II glioma) derived from a patient and glioblastoma
multiforme T98G and LN-18 cell lines from the ATCC. The anticancer potential was con-
firmed through induction of apoptosis, cell cycle arrest on subG1/G1 and S phase and
attenuate migration. The PPE and MPE activity may be associated with the high content
of antioxidant compounds in both types of propolis. The chemical composition of both
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propolis was comparable, with marginal differences in the amount of some compounds.
The content of As and Pb in MPE was higher than in PPE.

In conclusion, Polish and New Zealand propolis extracts showed anti-glioma activity
in in vitro study. However, further in vivo studies are required to confirm the therapeutic
potential of propolis.
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Tomczyk, M.; Socha, K. Chemical composition of Polish propolis and its antiproliferative effect in combination with Bacopa
monnieri on glioblastoma cell lines. Sci. Rep. 2020, 10, 21127. [CrossRef]

20. Bruggisser, R.; von Daeniken, K.; Jundt, G.; Schaffner, W.; Tullberg-Reinert, H. Interference of plant extracts, phytoestrogens and
antioxidants with the MTT tetrazolium assay. Planta Med. 2002, 68, 445–448. [CrossRef]

21. Wang, P.; Henning, S.M.; Heber, D. Limitations of MTT and MTS-based assays for measurement of antiproliferative activity of
green tea polyphenols. PLoS ONE 2010, 5, e10202. [CrossRef]

22. Villota, H.; Moreno-Ceballos, M.; Santa-González, G.A.; Uribe, D.; Castañeda, I.C.H.; Preciado, L.M.; Pedroza-Díaz, J. Biological
impact of phenolic compounds from coffee on colorectal cancer. Pharmaceuticals 2021, 14, 761. [CrossRef] [PubMed]

23. Kumazawa, S.; Hamasaka, T.; Nakayama, T. Antioxidant activity of propolis of various geographic origins. Food Chem. 2004, 84,
329–339. [CrossRef]
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Abstract: Air pollution causes oxidative stress that leads to inflammatory diseases and premature
aging of the skin. The purpose of this study was to examine the antioxidant effect of Korean propolis
on oxidative stress in human epidermal HaCaT keratinocytes exposed to particulate matter with a
diameter of less than 10 µm (PM10). The total ethanol extract of propolis was solvent-fractionated
with water and methylene chloride to divide into a hydrophilic fraction and a lipophilic fraction.
The lipophilic fraction of propolis was slightly more cytotoxic, and the hydrophilic fraction was
much less cytotoxic than the total extract. The hydrophilic fraction did not affect the viability of cells
exposed to PM10, but the total propolis extract and the lipophilic fraction aggravated the toxicity
of PM10. The total extract and hydrophilic fraction inhibited PM10-induced ROS production and
lipid peroxidation in a concentration-dependent manner, whereas the lipophilic fraction did not
show such effects. High-performance liquid chromatography with photodiode array detection
(HPLC-DAD) analysis showed that the hydrophilic fraction contained phenylpropanoids, such as
caffeic acid, p-coumaric acid, and ferulic acid, whereas the lipophilic faction contained caffeic acid
phenethyl ester (CAPE). The former three compounds inhibited PM10-induced ROS production,
lipid peroxidation, and/or glutathione oxidation, and ferulic acid was the most effective among
them, but CAPE exhibited cytotoxicity and aggravated the toxicity of PM10. This study suggests that
Korean propolis, when properly purified, has the potential to be used as a cosmetic material that
helps to alleviate the skin toxicity of air pollutants.

Keywords: Korean propolis; particulate matter; oxidative stress; keratinocytes; ferulic acid; caffeic
acid; p-coumaric acid

1. Introduction

Industrial development and increased human activity are causing environmental
pollution problems. In particular, air pollutants from natural and artificial sources cause
fatal diseases, such as respiratory, cardiovascular, and brain-neurological diseases, and are
an important cause of death for modern humans [1,2]. Air pollution has a detrimental effect
on the health of the skin, the outermost organ of our body, and causes various inflammatory
diseases, such as atopy, psoriasis, and acne, as well as premature skin aging [2,3]. Therefore,
a dermatological or cosmetic defense strategy against air pollution should be devised to
maintain skin health.

Air pollutants include gas components, such as ozone (O3), nitrogen dioxide (NO2),
and sulfur dioxide (SO2), and suspended particulate matter of various compositions [4].
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The suspended particulate matter with a size of less than 10 µm is called PM10, and it is a
mixture of various organic compounds, such as aryl hydrocarbons, various heavy metals,
such as cobalt, lead, and cadmium, and biological constituents [5,6]. PM10 can enter the
body through various routes, such as the mouth, nose, eyes, and ears, and can also penetrate
the skin through pores or the sites where the skin barrier is weak [7–10]. The components
of PM10 generate reactive oxygen species (ROS) through chemical reactions or biological
metabolism inside and outside cells [11–14], causing oxidative damage and inflammatory
responses [15,16]. On the other hand, it is suggested that various types of antioxidants
may help protect skin health by alleviating the oxidative stress and inflammatory response
induced by PM10 [17].

Propolis is a natural product made by bees by mixing their discharges with the sap
and pollen they collected from the plant. It is a green, yellow, or red-toned high-viscosity
substance mainly used for building and repairing their hives. For thousands of years,
propolis has been used in most civilized societies for various medicinal purposes [18,19].
The composition of industrial propolis from honey bees and stingless bees varies de-
pending on the geographical locations in which bees and their vegetation are distributed;
furthermore, its composition also varies depending on the climates and collection season
of propolis [19]. Among the components of propolis, phenolic metabolites of plants are
known to possess various biological activities including antioxidant activity [20]. Thus
propolis rich in phenolic antioxidants has great potential to find utility in food, cosmetics,
and medicines [20,21].

Korean propolis from various areas had high total phenolic content and strong an-
tioxidant activity; the propolis from Cheongju had high contents of caffeic acid and caffeic
acid phenethyl ester (CAPE) [22]. An ethanolic extract of Korean propolis provided ten
phenylpropanoic acid esters, such as CAPE, caffeic acid benzyl ester, caffeic acid ethyl ester,
ferulic acid benzyl ester, ferulic acid 3′,3′-dimethylallyl ester, 3,4-dimethoxycaffeic acid
cinnamyl ester, p-coumaric acid cinnamyl ester, p-coumaric acid benzyl ester, cinnamic acid
phenethyl ester, and cinnamic acid cinnamyl ester [23]. The components of Korean propo-
lis, such as CAPE and quercetin, displayed potent antioxidant activities in vitro assays,
and they inhibited tube formation and growth of human umbilical vein endothelial cells,
supporting their potential anti-angiogenic activities [24]. Oral administration of Korean
propolis attenuated oxidative stresses and neuronal degenerations induced by kainic acid
in Sprague–Dawley rats, involving adenosine A1 receptor modulation [25].

The purpose of this study was to evaluate the antioxidant activity of Korean propolis
in human epidermal keratinocytes exposed to airborne PM10. The ethanol extract of
Korean propolis was divided into a hydrophilic fraction and a lipophilic fraction, and
their effects on cell viability, ROS production, lipid peroxidation, and glutathione levels in
human HaCaT keratinocytes were compared in the presence or absence of PM10. For the
hydrophilic fraction, which was found to have relatively low toxicity and high antioxidant
activity, component analysis and evaluation of the biological activity of the component
were additionally performed. The results of this study suggested that Korean propolis,
when properly purified, has the potential to be developed as a cosmetic material that helps
to safely and effectively alleviate the skin toxicity of atmospheric particulate matter.

2. Materials and Methods
2.1. Reagents

Standardized fine dust (PM10-like, European standard ERM-CZ120), CAPE, caffeic
acid, p-coumaric acid, and ferulic acid were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

2.2. Preparation of the Total Extract and Fractions of Propolis

Propolis was purchased in Andong, Gyeongsangbuk-do, Korea. Propolis raw material
(60 g) was extracted with ethanol (600 mL) at room temperature for 4 days. After filtering,
the filtrate was concentrated using a rotary evaporator under reduced pressure to obtain
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the total extract (23 g). The total extract was solvent-fractionated using equal volumes of
water and methylene chloride and each fraction was evaporated under reduced pressure
to obtain the hydrophilic fraction (0.6 g), the lipophilic fraction (18.5 g), and insoluble
material (2.6 g).

2.3. High-Performance Liquid Chromatography with Photodiode Array Detection (HPLC-DAD)

HPLC-DAD analysis of the total extract of propolis and its fractions was performed us-
ing Waters Alliance HPLC system (Waters, Milford, MA, USA) consisting of e2695 separation
module and 2996 photodiode array detector. A Hector-M C18 column (4.6 mm × 250 mm,
5 µm) (RS Tech Co., Daejeon, Korea) was used as the stationary phase. A mixture of 0.1%
phosphoric acid (solvent A) and acetonitrile (solvent B) was used as the mobile phase with
the changing composition: 0–30 min, a linear gradient from 0 to 100% B; 30–40 min, 100% B;
40–45 min, a linear gradient from 100 to 0% B. The flow rate of the mobile phase was set at
1.0 mL min−1, and the sample injection volume was 10 µL.

2.4. Cell Culture and Treatments

An immortalized human keratinocyte HaCaT cell line (CLS Cell Lines Service GmbH,
Eppelheim, Germany) established by Dr. Norbert E. Fusenig [26] was cultured in a closed in-
cubator at 37 ◦C in humidified air containing 5% CO2. The growth medium was DMEM/F-
12 medium (GIBCO-BRL, Grand Island, NY, USA) supplemented with 10% fetal bovine
serum, 100 U mL−1 penicillin, 100 µg mL−1 streptomycin, 0.25 µg mL−1 amphotericin
B, and 10 µg mL−1 hydrocortisone. For each experiment, cells were seeded on 96-well,
12-well, or 6-well culture plates (SPL Life Sciences, Pocheon, Korea) and cultured for 24 h
prior to various treatments. The total extract, its fractions, and individual compounds were
treated alone or in combination with PM10 (200 µg mL−1) for 48 h to determine cell viability
and lipid peroxidation, or for 60 min to measure ROS production.

2.5. Cell Viability Assay

HaCaT cells were seeded in 96-well culture plates at 4× 103 cells/well and maintained
in a 200 µL culture medium for 24 h. After various treatments for 48 h, the cells were washed
with phosphate-buffered saline (PBS) to remove residual extract, compound, and PM10, and
their viability was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) [27]. MTT (Sigma-Aldrich) was dissolved in PBS (5 mg mL−1) and diluted
5 times with a culture medium to the final concentration of 1 mg mL−1. The medium
was dispensed by 100 µL per well in a 96-well plate and incubated at 37 ◦C for 2 h. After
discarding the medium, cells were washed with PBS. The dye accumulated inside cells were
extracted using 100 µL of dimethyl sulfoxide per well and the absorbance of the extracts
was measured at 570 nm using a Spectrostar Nano microplate reader (BMG Labtech GmbH,
Ortenberg, Germany).

2.6. Cellular ROS Production Assay

Cellular ROS production was assessed by using 2′,7′-dichlorodihydrofluorescein diac-
etate (DCFH-DA) [28]. The cells were plated onto 12-well culture plates at 1.4 × 105 cells/well
for 24 h. Cells were pre-labeled with 10 µM DCFH-DA (Sigma-Aldrich) for 30 min. After
various treatments for 60 min, cells were washed twice with PBS and the fluorescence images
of cells were obtained with a LEICA DMI3000 B microscope (Leica Microsystems GmbH,
Wetzlar, Germany). For quantitative analysis, cells were lysed with 150 µL of the lysis buffer
(1% sodium dodecyl sulfate (SDS), 20 mM Tris-Cl, 2.5 mM EDTA, pH 7.5), and the cell
lysates were centrifuged with an Eppendorf centrifuge 5418R (Eppendorf, Barkhausenweg,
Hamburg, Germany) at 14,500× g for 15 min to obtain the supernatant. The fluorescence
intensity (excitation at 485 nm and emission at 538 nm) of the supernatants was measured
with a Gemini EM fluorescence microplate reader (Molecular Devices, Sunnyvale, CA, USA).

Flow cytometry was additionally used to analyze intracellular ROS production. After
various treatments, the adherent cells were detached from the culture plates using a trypsin-
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EDTA solution. Cells were centrifuged down with a Combi 408 centrifuge (Hanil, Daejeon,
Korea at 316× g for 3 min, washed with PBS, and suspended in PBS. Flow cytometry for
the cell suspension was conducted using BD FACSCalibur and data were analyzed using
BD CellQuest (BD Biosciences, San Jose, CA, USA). Data are presented by the ratio (%) of
cells with high DCFH-DA fluorescence due to intracellular ROS production to the total
gated cells.

2.7. Lipid Peroxidation Assay

Cellular lipid peroxidation was assessed using 2-thiobarbituric acid (TBA) [29]. Cells
were seeded at 2 × 105 cells per well in a 6-well plate and cultured for 24 h. After various
treatments with a test material in combination with PM10 (200 µg mL−1) for 48 h, cells
were washed twice with PBS and lysed with 150 µL of the lysis buffer (1% SDS, 20 mM
Tris-Cl, 2.5 mM EDTA, pH 7.5). The cell lysates were centrifuged with an Eppendorf
centrifuge 5418R at 14,500× g for 15 min to remove cell debris and PM10. The mixture
of 100µL cell lysate (200 µg protein), 50µL 1.0% m-phosphoric acid, and 350µL 0.9%
TBA (Sigma-Aldrich) was heated at 95 ◦C in a water bath for 45 min. The reaction was
also run with 100 to 400 nM 1,1,3,3-tetramethoxypropane (Sigma-Aldrich) as a donor of
malondialdehyde (MDA) to construct a standard curve. The limit of detection for the
fluorometric assay has been determined to be 5 nM. After cooling to room temperature,
500 µL n-butyl alcohol was added to the mixture, vortex-mixed, and then the mixture
was centrifuged to separate into two layers. The fluorescence intensity of the n-butyl
alcohol layer (excitation at 544 nm and emission at 590 nm) was measured by using a
Gemini EM fluorescence microplate reader. Data are presented as MDA levels corrected for
protein contents.

In vitro experiments for lipid peroxidation were performed using the lysates of control
HaCaT cells without any treatments. The HaCaT cell lysate (200 µg protein) was diluted
with the lysis buffer and reacted with PM10 (200 µg mL−1) in the absence and presence of
test material in a total volume of 200 µL in 1.5 mL Eppendorf tubes at 37 ◦C for 24 h. The
reaction mixture was centrifuged to remove PM10. The supernatant (100 µL) was used in
the assay of MDA levels as above.

2.8. Glutathione Assay

Glutathione contents were measured by a recycling assay [30]. After culturing and
treatments in 6-well plates as above, cells were extracted using 5% meta-phosphoric
acid (150 µL per well), followed by centrifuging with an Eppendorf centrifuge 5418R
at 14,500× g for 15 min. The supernatant was used for the glutathione assay using a
GSH/GSSG assay kit (product number GT40) from Oxford Biomedical Research (Oxford,
UK). The total content of reduced glutathione (GSH) plus oxidized glutathione (GSSG)
was measured using the extract as it is, and the GSSG content was quantified after pre-
scavenging GSH in the extract with a pyridine derivative. Absorbance change due to
reduction of 5,5′-dithio-bis-2-nitrobenzoic acid by GSH was measured at 412 nm, and
a calibration curve prepared using a GSSG standard was used for the determination of
glutathione contents. The GSH content was calculated by subtracting the GSSG content
from the total content of GSH plus GSSG.

2.9. Assay for Free Radical Scavenging Activities

Spectroscopic methods were used to measure the scavenging activities of the sample
against 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) cation radical (ABTS•+) and
2,2-diphenyl-1-picrylhydrazyl radial (DPPH•) [31–33]. The ABTS•+ solution was prepared
by mixing 0.54 mM ABTS solution (Sigma-Aldrich) and 0.27 mM potassium persulfate
solution (Sigma-Aldrich) in equal volumes and allowing them to react for 24 h at room
temperature (25 ◦C) in the dark. Each serial dilution of a plant-derived material or com-
pound in ethanol (100 µL) was reacted with 0.27 mM ABTS•+ in water (100 µL) of at 25 ◦C
for 3 min, followed by measurement of the absorbance at 734 nm with a BioRad Model
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680 microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA). For the DPPH•

scavenging activity assay, a serially diluted sample in ethanol (100 µL) was mixed with
0.2 mM DPPH• (Alfa Aesar, Ward Hill, MA, USA) in ethanol and reacted at 25 ◦C for
30 min. The absorbance was measured at 517 nm using a microplate reader.

2.10. Statistical Analysis

SigmaStat v.3.11 software (Systat Software Inc., San Jose, CA, USA) was used for
the statistical analysis of the experimental data. Data are expressed as mean ± standard
deviation (SD) of three or more independent experiments. The presence of significantly
different group means among all groups was determined using a one-way analysis of
variance (ANOVA) at the p < 0.05 level. Then, Duncan’s multiple range test was used to
compare all groups to each other.

3. Results
3.1. Antioxidant Effects of Total Propolis Extract and Its Solvent Fractions in Cells

The total extract of Korean propolis and its hydrophilic and lipophilic fractions were
prepared as depicted in Figure 1A. The yield of the total extract obtained by immersing the
propolis raw material in ethanol was about 38.3%. The ratio of the hydrophilic fraction and
the lipophilic fraction obtained by solvent fractionation of the total extract with water and
methylene chloride was 1:31, and most of the extraction components were included in the
lipophilic fraction.
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Figure 1. Effects of total propolis extract and its solvent fractions on the viability of human HaCaT
keratinocytes exposed to PM10. In (A), the total ethanolic extract of Korean propolis was divided into
a hydrophilic and a lipophilic fraction by solvent partition between water and methylene chloride.
Cells were treated with the total extract (B), a lipophilic fraction (C), or a hydrophilic fraction (D) at
the specified concentration alone or in combination with PM10 (200µg mL−1) for 48 h. Cell viability
was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay.
Data are presented as mean± SD (n = 5). (D) Duncan’s multiple range test was performed to compare
all group means to each other. Groups that share the same letters (a–e) do not have significantly
different means at the p < 0.05 level.

In the first cell experiment, the effect of the total extract and its fractions on the viability
of HaCaT cells in the presence or absence of PM10 exposure was investigated. The treatment
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concentration of PM10 was 200 µg mL−1, which was selected in the previous study [34].
Cells were treated with extracts or fractions alone or in combination with PM10, and cell
viability was measured after 48 h. As shown in Figure 1B–D, the total propolis extract
significantly reduced the cell viability at 10 µg mL−1 or higher, and the lipophilic fraction
showed slightly stronger cytotoxicity than the total extract. However, the water fraction
only reduced the cell viability by 10% at 30 µg mL−1, but not at the lower test concentrations.
That is, the cytotoxicity of the hydrophilic fraction was relatively weak compared to the
total extract and the fat-soluble fraction. As expected, PM10 exposure reduced cell viability
by 40%, but neither the total extract nor the two fractions had any mitigating effect. The
total extract and the lipophilic fraction further reduced the viability of PM10-exposed cells
above 10 µg mL−1 because of their toxicity. On the other hand, the hydrophilic fraction did
not change the viability of PM10-exposed cells due to its weak toxicity.

Since both the total extract of propolis and its hydrophilic and lipophilic fractions had
no cytotoxicity at a concentration of 3 µg mL−1 or less, it was evaluated whether they could
reduce PM10-induced oxidative stress in cells in a low concentration range. HaCaT cells
were treated with the total extract or fraction at a concentration of 1 µg mL−1 or 3 µg mL−1

alone or in combination with PM10. ROS production was measured after 60 min of PM10
exposure and lipid peroxidation was measured after 48 h. As shown in Figure 2, the total
extract significantly reduced ROS production at 3 µg mL−1. Among the two fractions,
the hydrophilic fraction significantly reduced ROS production at 1–3 µg mL−1, and the
lipophilic fraction did not show such effects. The total extract and the hydrophilic fraction
also significantly inhibited lipid peroxidation at 3 µg mL−1, and the lipophilic fraction had
no such effects.
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Figure 2. Effects of total propolis extract and its fractions on the reactive oxygen species (ROS)
production and lipid peroxidation in HaCaT keratinocytes exposed to PM10. Cells were treated
with the total extract (A,D), a lipophilic fraction (B,E), or a hydrophilic fraction (C,F) at the specified
concentration alone or in combination with PM10 (200 µg mL−1) for 60 min for the determination of
ROS production, or 48 h for the determination of lipid peroxidation. In (A–C), cells were pre-labeled
with 10 µM 2’-7’dichlorofluorescin diacetate (DCFH-DA) for 30 min, and fluorescence of oxidized
probe due to cellular ROS production was determined after treatments with the extracts and/or
PM10. In (D–F), lipid peroxidation levels of cell lysates were determined by the thiobarbituric acid
(TBA) assay. Data are presented as malondialdehyde (MDA) levels corrected for protein contents.
Data are presented as mean ± SD (n = 4 for (A–C); n = 3 for (D–F)). Duncan’s multiple range test was
performed to compare all group means to each other. Groups that share the same letters (a–d) do not
have significantly different means at the p < 0.05 level.
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Since the relatively low cytotoxicity of the hydrophilic fraction was seen in Figure 1,
an additional experiment was conducted by extending the treatment concentration range
of this fraction. As shown in Figure 3, the hydrophilic fraction inhibited PM10-induced
ROS generation and lipid peroxidation in a concentration-dependent manner in the range
of 1–30 µg mL−1. Combining the above results, it was suggested that the hydrophilic
component of the propolis extract can relieve oxidative stress in cells exposed to PM10 more
safely and effectively than the lipophilic component.
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Figure 3. Effects of a hydrophilic fraction of propolis on the ROS production and lipid peroxidation in
HaCaT keratinocytes exposed to PM10. Cells were treated with a hydrophilic fraction at the specified
concentration alone or in combination with PM10 (200 µg mL−1) for 60 min for the determination of
ROS production, or 48 h for the determination of lipid peroxidation. In (A), cells were pre-labeled
with 10 µM (DCFH-DA) for 30 min and fluorescence of the oxidized probe due to cellular ROS
production was determined after treatments with the extracts and/or PM10. In (B), lipid peroxidation
levels of cell lysates were determined by TBA assay. Data are presented as MDA levels corrected
for protein contents. Data are presented as mean ± SD (n = 4). Duncan’s multiple range test was
performed to compare all group means to each other. Groups that share the same letters (a–f) do not
have significantly different means at the p < 0.05 level.

3.2. Analysis of Total Propolis Extract and Its Solvent Fractions

HPLC-DAD analysis of the total extract of propolis and its lipophilic and hydrophilic
fractions was performed. As shown in Figure 4, the total propolis extract and the two
fractions show different phytochemical profiles. It was confirmed that one of the main
components of the lipophilic fraction was CAPE. However, this study focused on the
hydrophilic fraction based on the observed safety and effectiveness. The main peaks of
the hydrophilic fraction were identified as caffeic acid, p-coumaric acid, and ferulic acid
by comparing the retention times and absorption spectra of the standards. Among them,
p-coumaric acid and ferulic acid are also partially included in the lipophilic fraction. The
contents of caffeic acid, p-coumaric acid, and ferulic acid in the total extract were found to
be similar to each other.

3.3. Antioxidant Effects of Phenylpropanoid Compounds of Propolis in Cells

Additional experiments were conducted to compare the biological activities of these
three phenylpropanoid compounds. The effect of these compounds on the viability of
HaCaT cells in the presence or absence of PM10 was investigated. As shown in Figure 5A,
caffeic acid slightly reduced the cell viability at 100 µM, but all three phenylpropanoid com-
pounds were found to be non-toxic at most concentrations tested. These three compounds
did not affect the cell viability under PM10 exposure conditions. As shown in Figure 5B,
CAPE exhibited cytotoxicity that reduced the cell viability by 50% at a concentration of
10 µM and aggravated the toxicity of PM10, so it was excluded from subsequent experi-
ments. The chemical structures of caffeic acid, p-coumaric acid, ferulic acid, and CAPE are
shown in Figure 5C.

The effects of these three compounds on ROS production and lipid peroxidation
in HaCaT cells exposed to PM10 were further compared. As shown in Figure 6, each
compound reduced ROS production in a concentration-dependent manner, and the effect
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was in the order of ferulic acid > p-coumaric acid > caffeic acid, especially in the low
concentration range.
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Figure 4. High-performance liquid chromatography-photodiode array detection (HPLC-DAD) anal-
ysis of the total extract of propolis and its solvent fractions. Authentic caffeic acid phenethyl ester
(CAPE), caffeic acid, p-coumaric acid, and ferulic acid were used to identify the major peaks by
comparing retention times and absorption spectra. Chromatograms detected at 310 nm and the
absorption spectra of the designated peaks are shown.
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Figure 5. Effects of caffeic acid, p-coumaric acid, ferulic acid, and CAPE on viability in HaCaT
keratinocytes exposed to PM10. In (A,B), cells were exposed to PM10 (200 µg mL−1) for 48 h in
the absence and presence of each compound at the indicated concentrations. Cell viability was
determined by the MTT assay. Data are presented as mean ± SD (n = 4 for (A); n = 5 for (B)).
Duncan’s multiple range test was performed to compare all group means to each other. Groups that
share the same letters (a–d) do not have significantly different means at the p < 0.05 level. In (C), the
chemical structure of caffeic acid, p-coumaric acid, ferulic acid, and CAPE are shown.
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Figure 6. Effects of caffeic acid, p-coumaric acid, and ferulic acid on the ROS production in HaCaT
keratinocytes exposed to PM10. Cells were labeled with DCFH-DA, treated with each compound
at the indicated concentrations, and exposed to PM10 (200 µg mL−1) for 60 min or not. In (A,B),
the fluorescence of the cell extracts was measured to quantitatively determine ROS levels. Data are
presented as mean ± SD (n = 4). Duncan’s multiple range test was performed to compare all group
means to each other. Groups that share the same letters (a–l) do not have significantly different means
at the p < 0.05 level. Typical images of cells fluorescing due to ROS production are shown in (C).

Flow cytometry was additionally used to analyze intracellular ROS production without
cell disruption. Despite washing cells with PBS, PM10 resides on cells and forms aggregates
with cells. As shown in Figure 7A, PM10 treatment increased the counts of particles or cells
with low forward scattering and high side scattering. Thus, the gate was set to exclude the
particles and cell aggregates. Figure 7B shows the plots of the cell counts versus fluorescence
intensity. Figure 7C shows typical plots for the cells with different treatments. In Figure 7D,
the ratios (%) of cells with high fluorescence to the total gated cells were compared between
cells treated with PM10 in the absence and presence of caffeic acid, p-coumaric acid, ferulic
acids, and ascorbic acid (a positive control antioxidant) at 30 µM. The results indicated
that PM10 increased ROS production in cells and the change was significantly inhibited
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by ferulic acid and ascorbic acid in the order. Caffeic acid and p-coumaric acid had no
significant effects. Thus, the antioxidant effect of ferulic acid inhibiting intracellular ROS
production was evaluated to be comparable to that of ascorbic acid by flow cytometry.
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Figure 7. Flow cytometry for the ROS production in HaCaT keratinocytes exposed to PM10 in the
absence and presence of caffeic acid (CA), p-coumaric acid (PCA), ferulic acid (FA), and ascorbic
acid (AA). The adherent cells were labeled with DCFH-DA, treated with vehicle or each compound
at 30 µM, and exposed to PM10 (200 µg mL−1) for 60 min or not. Cells were washed, detached,
centrifuged down, and suspended in PBS for flow cytometry. (A) The gate was set to exclude the
PM10 particles and cell aggregates. (B) The plots of the cell counts versus fluorescence intensity are
shown with a mark to define fluorescing cells. (C) Typical effects of PM10 in the absence and presence
of FA on the distribution of cells with different fluorescence levels. (D) The ratios (%) of fluorescing
cells to the total gated cells are presented. Data represent mean ± SD (n = 3). Duncan’s multiple
range test was performed to compare all group means to each other. Groups that share the same
letters (a–e) do not have significantly different means at the p < 0.05 level.
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As shown in Figure 8, all three compounds at 30–100 µM significantly inhibited lipid
peroxidation in PM10-exposed HaCaT cells, but at 10 µM, only ferulic acid showed a
significant inhibitory effect, while the other two compounds had no significant effect. These
results suggest that, although all three compounds have antioxidant activity that can relieve
oxidative stress in cells, ferulic acid has relatively advantageous properties.
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Figure 8. Effects of caffeic acid, p-coumaric acid, and ferulic acid on the lipid peroxidation in
HaCaT keratinocytes exposed to PM10. Cells were treated with each compound at 3–10 µM (A) or
30–100 µM (B) alone or in combination with PM10 (200 µg mL−1) for 48 h. Lipid peroxidation levels
of cell lysates were determined by TBA assay and data are presented as MDA levels corrected for
protein contents. Data are presented as mean ± SD (n = 4). Duncan’s multiple range test was
performed to compare all group means to each other. Groups that share the same letters (a–e) do not
have significantly different means at the p < 0.05 level.

The effects of caffeic acid, p-coumaric acid, and ferulic acid on the redox balance of
cells were examined by quantifying cell glutathione in the presence or absence of PM10.
As shown in Figure 9A, in the absence of PM10, ferulic acid, p-coumaric acid, and caffeic
acid increased the total glutathione content in the order. However, the increases in total
glutathione caused by ferulic acid and p-coumaric acid were significantly inhibited by PM10.
PM10 itself also significantly increased total glutathione, but this increase was inhibited
by ferulic acid and p-coumaric acid. As shown in Figure 9B, in the absence of PM10,
ferulic acid and p-coumaric acid slightly increased the content of oxidized glutathione
(GSSG). More notably, PM10 increased GSSG content by more than 10-fold, and the increase
was strongly inhibited by ferulic acid, p-coumaric acid, and caffeic acid in the order. As
shown in Figure 9C, in the absence of PM10, ferulic acid, p-coumaric acid, and caffeic acid
significantly increased the content of reduced glutathione (GSH) in this order. However,
PM10 significantly inhibited the increase in GSH content by ferulic acid and p-coumaric
acid. PM10 itself also slightly increased GSH content. As shown in Figure 9D, PM10
markedly increased the ratio of the GSSG content to the total glutathione content, and this
change was significantly inhibited by ferulic acid and p-coumaric acid in the order. This
complex phenomenon requires further study for interpretation but suggests that PM10 and
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phenylpropanoids, such as ferulic acid, may have diverse effects on the redox balance of
cells. Nonetheless, these results demonstrate that the oxidative stress due to PM10 can be
alleviated by phenylpropanoids, such as ferulic acid and p-coumaric acid.
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Figure 9. Effects of caffeic acid (CA), p-coumaric acid (PCA), and ferulic acid (FA) on the contents
and ratios of glutathione (GSH) and glutathione disulfide (GSSG) in HaCaT keratinocytes exposed
to PM10. Cells were treated with each compound at 30 µM and cultured in the absence or presence
of PM10 (200 µg mL−1) for 24 h. The total contents of GSH plus GSSG (A) were subtracted by the
GSSG contents (B) to calculate the GSH contents (C). The ratios of GSSG contents to the total contents
were presented in (D). Data are presented as mean ± SD (n = 3). Duncan’s multiple range test was
performed to compare all group means to each other. Groups that share the same letters (a–e) do not
have significantly different means at the p < 0.05 level.

3.4. Antioxidant Effects of Phenylpropanoid Compounds of Propolis In Vitro

Among the above three phenylpropanoids, ferulic acid had the strongest antioxi-
dant effect in preventing ROS generation, lipid peroxidation, and GSH oxidation in cells,
followed by p-coumaric acid and caffeic acid. What is the mechanism? Possibly, these com-
pounds might directly and chemically inhibit the oxidation reactions catalyzed by PM10.
To examine this possibility, an in vitro experiment using the cell lysate was additionally
performed. As shown in Figure 10A, when HaCaT cell lysate was exposed to PM10 in vitro,
lipid peroxidation was induced, and strong inhibitory action was shown in the order of
ferulic acid, p-coumaric acid, and caffeic acid. This trend matches the results obtained in
cell experiments. Therefore, it is suggested that various phenylpropanoids, such as ferulic
acid, can directly and chemically inhibit the oxidation reaction of cellular components
by PM10.

In many studies, scavenging activity for free radicals, such as DPPH• and ABTS•+ is
measured to search for general antioxidants or to evaluate their antioxidant activity. The
activities of caffeic acid, p-coumaric acid, and ferulic acid that scavenge two types of free
radicals in vitro were compared. As shown in Figure 10B, among the three compounds,
caffeic acid scavenged DPPH• most strongly, followed by ferulic acid and p-coumaric
acid. As shown in Figure 10C, the ABTS•+ scavenging activity of ferulic acid was slightly
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stronger than that of caffeic acid, and p-coumaric acid was much weaker than the other
two compounds. No special correlation was found between their reactivity to DPPH• or
ABTS•+ and their inhibitory effect on the PM10-induced lipid peroxidation in vitro and
in cells.
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Figure 10. Effects of caffeic acid, p-coumaric acid, and ferulic acid on the lipid peroxidation of HaCaT
cell lysate treated with PM10 in vitro, and their free radical scavenging activities against 2,2-diphenyl-
1-picrylhydrazyl radical (DPPH•) and 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) cation
radical (ABTS•+) in vitro. (A) HaCaT cell lysate was treated with PM10 (200 µg mL−1) for 24 h in the
absence or presence of a compound at the specified concentration. DPPH• (B) and ABTS•+ (C) were
reacted with each compound at different concentrations, and their remaining levels were measured
by absorbance at 517 nm and 734 nm respectively. Data are presented as mean ± SD (n = 3). Duncan’s
multiple range test was performed to compare all group means to each other. Groups that share the
same letters (a–d) do not have significantly different means at the p < 0.05 level.

4. Discussion

This study showed the positive and negative effects of Korean propolis components
on human epidermal keratinocytes exposed to PM10. The total extract of propolis and its
lipophilic fraction were cytotoxic, which significantly reduced the viability of keratinocytes,
whereas no such cytotoxicity was observed for its hydrophilic fraction. The hydrophilic
fraction of the propolis extract showed antioxidant activity that inhibited cellular ROS
production and lipid peroxidation induced by exposure to PM10, but the lipophilic fraction
did not show such effects. Therefore, to use the propolis extract as a material for skin
protection, it would be better to use it after removing harmful ingredients and enriching
the active ingredients through a purification process rather than using it as it is.

Antioxidants that can directly or indirectly alleviate oxidative stress in cells are ex-
pected to be useful in reducing PM10-induced skin inflammation and premature aging [17].
They can inhibit the production of ROS, scavenge ROS already produced, or enhance
cellular antioxidant capacity by stimulating the gene expression of antioxidant enzymes
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mediated by nuclear factor erythroid 2-related factor 2 [35]. We have shown that vari-
ous phenolic compounds contained in terrestrial and marine plants, such as punicalagin,
(−)-epigallocatechin-3-gallate, chlorogenic acid, and dieckol reduce ROS production, lipid
peroxidation, and inflammatory responses in HaCaT cells exposed to PM10 [16,34,36].
In this study, it was additionally reported that caffeic acid, p-coumaric acid, and ferulic
acid, as phenolic compounds contained in propolis, have antioxidant actions to reduce
PM10-induced oxidative stress.

Plants are a source of various phytochemicals with diverse biological activities that
are potentially useful to improve skin health and beauty [37–40]. Some phytochemicals
act as either antioxidants or pro-oxidants and that show either cytotoxic or cytoprotective
effects depending on their chemical nature and treatment conditions [41–44]. Therefore,
it is important to select a phytochemical suitable for use and to optimize its biological
activity by treating it at an optimal concentration for an optimal time. Since propolis
contains various phenolic components derived from plants, various biological activities
can be expected [18–20].

As observed in this study, the total extract of propolis has relatively strong cytotoxicity,
and several previous studies reported the anti-proliferative and pro-apoptotic effects of
propolis in various cancer cells. The extracts of the propolis from Chile, Brazil, Thailand,
and Egypt have been shown to exert anti-proliferative and pro-apoptotic effects in various
human cancer cell lines, such as mouth epidermoid carcinoma (KB), colon adenocarcinoma
(Caco-2), androgen-insensitive prostate cancer (DU-145), laryngeal epidermoid carcinoma
(Hep-2), cervical adenocarcinoma (HeLa), pulmonary adenocarcinoma (A549), and prostate
cancer (PC3) cell lines [45–48]. A component of propolis, CAPE, was shown to induce
apoptosis through activation of caspase-3, down-regulation of Bcl-2, and up-regulation
of Bax in human leukemic HL-60 cells [49]. Caffeic acid and CAPE reduced glutathione
levels and induced apoptosis of HeLa cells but not of Chinese hamster lung V79 fibroblast
cells, suggesting that these compounds preferentially induce apoptosis of malignant cells
through modulation of cellular redox state [50]. In the current study, CAPE showed strong
toxicity to keratinocytes, and caffeic acid was also relatively more toxic than p-coumaric
acid and ferulic acid, which matched well with previous studies.

On the other hand, the protective action of propolis extract in various cells has been
reported. Uruguayan propolis induced the expression of endothelial nitric oxide synthase
(NOS) while inhibiting endothelial NADPH oxidase, and thus it was suggested that the
propolis can provide a cardiovascular protective benefit by increasing nitric oxide (NO)
bioavailability in the endothelium [51]. Water extract of Brazilian green propolis and its
constituents, 3,4-di-O-caffeoylquinic acid, 3,5-di-O-caffeoylquinic acid, chlorogenic acid,
and p-coumaric acid exerted protective effects against the oxidative damage induced by
glutathione depletion using L-buthionine-(S,R)-sulfoximine in cultured retinal ganglion
cells, supporting its potential neuroprotective effects [52]. Ethyl acetate extracts of propolis
from Algerian regions effectively scavenged free radicals, prevented lipid peroxidation,
and inhibited myeloperoxidase activity, whereas its petroleum ether and chloroform ex-
tracts inhibited anticholinesterase activity [53,54]. Italian propolis with high polyphenolic
components effectively inhibited lipid peroxidation of linoleic acid in SDS micelles and
showed appropriate ultraviolet (UV) absorptivity to be used as broad-spectrum UVB and
UVA photoprotection sunscreens [55]. However, there have been few studies focusing on
the effect of propolis extracts on oxidative stress induced by atmospheric pollution.

In the current study, the hydrophilic fraction of the propolis extract was shown to
have relatively weak cytotoxicity than the lipophilic fraction and have antioxidant activity
to inhibit ROS generation and lipid peroxidation, suggesting that the hydrophilic fraction
is more useful for protecting the skin from air pollution. This study also showed that the
cytotoxicity of caffeic acid, p-coumaric acid, and ferulic acid contained in the hydrophilic
fraction was very low compared to CAPE, which is one of the main components of the
lipophilic fraction, and that these three compounds can mitigate the oxidative stress induced
by PM10 in keratinocytes. The total content of caffeic acid, p-coumaric acid, and ferulic
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acid in the hydrophilic fraction of the propolis extract was estimated to be 14.2% (caffeic
acid, 10.2%; p-coumaric acid, 3.63%; ferulic acid, 0.38%) by HPLC-DAD analysis, and
30 µg mL−1 of this fraction corresponds to 4.3 µg mL−1 (24.2 µM) of the compounds;
caffeic acid, 3.1 µg mL−1 (17.0 µM); p-coumaric acid, 1.1 µg mL−1 (6.6 µM); ferulic acid,
0.1 µg mL−1 (0.6 µM). The results of this study suggest that these three compounds in
combination are partially responsible for the antioxidant activity of the hydrophilic fraction.

Despite the structural similarity of caffeic acid, p-coumaric acid, and ferulic acid, their
cytotoxicity, reactivity to different ROS, antioxidant activity, and other biological activities
are very different [56,57]. In our current study, the DPPH• scavenging activity was caffeic
acid > ferulic acid > p-coumaric acid, ABTS•+ scavenging activity was ferulic acid > caffeic
acid > p-coumaric acid, and inhibitory activity against PM10-induced lipid peroxidation was
ferulic acid > p-coumaric acid > caffeic acid. Maurya et al. reported that ferulic acid showed
weaker DPPH• scavenging activity and stronger ABTS•+ scavenging activity than caffeic
acid, and that ferulic acid inhibited 2,2′-azobis (2-methylpropionamidine) dihydrochloride
(AAPH)-induced lipid peroxidation more effectively [58]. The results of both studies agree
well with each other. Although caffeic acid exhibits stronger ROS scavenging activity than
many other phenylpropanoids [56], it can act as a pro-oxidant rather than as an antioxidant
under certain conditions [58]. It is presumed that ferulic acid has a higher probability
to act as an efficient antioxidant rather than as a pro-oxidant in general cellular contexts,
compared to caffeic acid and p-coumaric acid.

There are several methods that can measure PM10-stimulated ROS in cellular models,
but each has its own advantages and disadvantages. Direct measurement of the fluorescence
of adherent cells can minimize changes that may occur during the extraction process, but
unwashed black PM10 may affect the fluorescence measurement. In contrast, the method of
extracting fluorescent probes from cells can more effectively remove PM10 and aggregated
cell debris by centrifugation, but cannot completely rule out changes in the extraction
process. Therefore, we used the two methods to complement each other. In flow cytometry,
PM10 can be mistaken for small cells or can form cell aggregates, which can alter light
scattering by cells. Gate settings that exclude cells highly affected by PM10 may distort the
cell population to be analyzed, reducing the reliability of experimental data. There is also a
high risk of PM10-generated cell aggregates blocking the flow cell and causing mechanical
failure. Thus, a special caution is required when using flow cytometry for the analysis of
PM10-treated cells.

5. Conclusions

This study investigated the effects of extracts of Korean propolis, its hydrophilic and
lipophilic fractions, and several major components on the viability and oxidative stress of
keratinocytes exposed to PM10. In particular, the hydrophilic fraction and phenylpropanoid
compounds, such as ferulic acid, contained in this fraction showed antioxidant action to
inhibit PM10-induced ROS generation, lipid peroxidation, and glutathione oxidation, sug-
gesting their potential to be used as cosmetic and dermatological active ingredients. Since
propolis contains both cytoprotective and cytotoxic components, a purification process to
improve its safety and efficacy is required for use in skin protection. Additional in vivo
experiments and clinical studies are needed to apply the results of this study to cosmetic
or dermatology.
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Abstract: Propolis is a valuable natural substance obtained by honey bees after being collected from
the bark, resin of trees, plant leaves and mixed with their saliva, and has been widely used for
various biological activities. The properties of propolis can vary widely by botanical origin, location
of the hives and colony population. It is thought that the color of propolis is one of the main factors
determining its acceptability and originates from the flower markers, pollen and nectar of some
plants and is directly related to its chemical content. It is important to compare and standardize the
colors, chemical content and biological activities of propolis in our country, which has a rich endemic
plant diversity. Thus, in this study, the color indexes of 39 propolis samples from different locations in
Turkiye were determined by Lovibond Tintometer, for the first time. The color index, total phenolic
content, cytotoxic and antioxidant activities relationship of propolis and two commercial propolis
samples were also investigated by HCA and PCA. Turkish propolis, which is defined by its color
indices, chemical contents and many different activity potentials, such as antioxidant, antiviral and
cytotoxic activity, will find use in many fields from medicine to cosmetics with this study.

Keywords: propolis; antioxidant activity; color measuring; Lovibond Tintometer; antiviral; cytotoxicity;
total phenolic content; HCA; PCA

1. Introduction

Propolis is a valuable natural substance that is collected and produced by honey bees
(Apis mellifera) and it has been widely used for its antioxidant, antibacterial, antifungal
and anti-inflammatory properties since the early ages of humanity [1]. The word ‘propolis’
is originated from Greek ‘pro’ which means ‘in front’ and ‘polis’ which means ‘city’, de-
scribing this natural product that has a function to guard the entrance to the beehives [2,3].
Propolis is resinous material collected by the honeybees from the bark and resin of trees
and various plant sources which is obtained after mixing with their saliva. It is collected,
transformed and used by bees to seal holes in their honeycombs, smooth out the internal
walls and protect the entrance against intruders. It has a strong odor and can be found in
hard, frozen, flexible, sticky and liquid forms depending on the temperature. However,
it is found in solid form when first collected from the hive and commonly used in liquid
forms by dissolving it in solvents such as ethanol, ether and methanol [4]. In general, it is
composed of 50% resin and vegetable balsam, 30% wax, 10% essential oils, 5% pollen and
5% various other substances. More than 800 compounds have been identified in this 5%
residue [1,5]. These compounds can be listed as flavonoids [6], terpenes [7], phenolics [8],
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aldehydes [9], steroids [10], carbohydrates [11], aminoacids [3], aliphatic and aromatic
acids and esters [12]. It has wide-spectrum biological effects due to its rich chemical and
mineral content. Studies have shown that it has antibacterial, antioxidant [13], antiviral [10],
antitumor [14], immunomodulatory [15], anti-inflammatory [16], hepatoprotective [17], car-
dioprotective [18], neuroprotective [19], antidiabetic [20], regenerative [21], anesthetic [22],
antiallergic [23] and biological effects. Parallel to these activities, its effects on inflammatory
diseases such as gingivitis, osteoarthritis, mastitis, rhinitis and asthma were also investi-
gated [24]. Propolis is widely used in traditional medicine in many countries due to all
these features.

Propolis can be classified depending on its physicochemical properties like color, tex-
ture and chemical composition. These properties of propolis can vary widely by botanical
origin, location of the hives and colony population. It has a wide color range from brown-
yellow, brown-green or brown-red to dark-red. The color of propolis is considered one of
the main factors determining its acceptability in accordance with previous reports that have
revealed most of its floral markers to be its flavonoids/phenolic compounds which come
from the nectar or pollen of specific plants [25]. For instance, Birch and Brazilian Baccharis
propolis have a greenish color, while the red propolis from the tropics is reddish [26].
Brazilian propolis is famous all over the world as green propolis characterized by higher
levels of phenolic compounds, while the dark and black ones are characterized by mostly
triterpenoids. It is produced, predominantly in the southeast of the country, in areas of
Cerrado. It is obtained from the apical buds and young leaves of Baccharis dracunculifolia
(Asteraceae) and has a green color as it contains chlorophyll propolis. The main con-
stituents of Brazilian green propolis are prenylated phenylpropanoids and chlorogenic acid.
Flavonoids are also constituents of green propolis, as well as condensed tannins [26,27].
Briefly, the chemical composition of propolis varies depending on the plant, region, season,
colony and techniques of collecting propolis; the color, smell, medicinal character and
chemical composition of each propolis show differences [28].

According to this scientific backing, in this study we focused on the determination of
color, which is one of the determinants of floral origin, chemical content and therapeutic
properties of propolis. The color of propolis should be defined in future standardization
and a criterion in determining the method of use in apitherapeutic applications. It is
important to compare and standardize the colors, chemical content and biological activities
of propolis in Turkiye, which has a rich endemic plant diversity. Thus, in this study, the
color indexes of 39 propolis samples from different locations in Turkiye were determined by
Lovibond Tintometer, for the first time. The color index, chemical, total phenolic contents,
antiviral, cytotoxic, and antioxidant activity relationships of these propolis samples and
two well-known commercial propolis samples were also investigated by HCA and PCA
analyses.

2. Materials and Methods
2.1. Materials

Propolis samples were supplied by beekeepers from 39 different geographical regions
of Turkiye. The exact collection points and locations can be seen in Table S1 and Figure 1.
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2.2. Color Determination

Color determination analysis was done by Lovibond Tintometer (PFX880). This
instrument incorporates calibrated color standards for the particular scale of interest and
is operated as a stand-alone instrument. The dried 50–100 mg of the propolis samples
were dissolved in ethanol in a 5 mL volumetric flask. The flask was kept in an ultrasonic
bath mixed and warmly heated until a clear solution was obtained. Then, the solution was
filtered through a 0.45 µm Millipore Millex-HV filter and was placed in the tube of the
instrument. The samples were kept at 4 ◦C until the analysis [30,31].

2.3. Chemical Content

The liquid chromatography and high-resolution mass spectrometry (LC-HRMS) meth-
ods were developed to analyze the chemical composition of propolis samples from 39
different locations in Turkiye. The identification was performed through the comparison
of chromatographic retention times and MS spectra with commercially available standard
compounds and the literature findings according to Sarikahya et. al. (2021) [32]. The prepa-
ration of samples, chromatographic and optimization conditions for LC-HRMS analysis
can be seen in Supplementary Materials.

2.4. Antioxidant Capacity and Total Phenolic Content

The antioxidant activities of propolis extracts were determined using 2,2-diphenyl-1-
picrylhydrazyl (DPPH) (Sigma-Aldrich, St. Louis, MS, USA) as a free radical, the CUPRAC
total antioxidant capacity (TAC) and the ferric-reducing ability (FRAP) of propolis extracts
were analyzed by our previous study. Total phenolic contents were also determined
according to the Folin–Ciocalteu colorimetric method [29]. All experiments were done in
triplicates and all data were shown as mean ± SD.

2.5. Cytotoxicity Assay

The cytotoxicity of propolis samples was determined by MTT [3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide)] assay [33]. The test is based on the
principle of cleavage of MTT that forms formazan crystals by cellular succinate dehydro-
genases in viable cells and doxorubicin was used as a positive control [29]. PC-3 (human
prostate adenocarcinoma), MDA-MB-231 (human breast adenocarcinoma), HeLa (human
epitheloid cervix adenocarcinoma), A-549 (human alveolar adenocarcinoma) cancer cell
lines and normal cell line HEK-293 (human embryonic kidney) were used for assessing
cytotoxicity of the propolis samples.
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2.6. In Ovo Antiviral Activity

Antiviral activities of the 39 different propolis samples were measured as virucidal
activity against IBV by in ovo [34]. Specific pathogen-free embryo chicken eggs (SPF-ECEs)
were purchased from Izmir Bornova Veterinary Control Institute, Turkiye. Favipiravir,
used as a broad-spectrum antiviral agent, was purchased from a local pharmacy. While
evaluating the antiviral activities of propolis samples, the selection was made according
to the content of caffeic acid and some flavonoids such as isosakuranetin, naringenin,
rhamnocitrin, diosmetin, and chrysin. 5% DMSO was used as vehicle control and favipiravir
was used as positive antiviral control [32]. The protocol for the antiviral test was approved
by the Ege University, Local Ethical Committee of Animal Experiment (No: 2020-051).

2.7. Statisitics

Hierarchical cluster analysis (HCA) and principal component analysis (PCA) were
performed using the Paleontological Statistics (PAST) software (version 4.11, Oslo, Nor-
way) [35]. HCA was performed on a Bray–Curtis similarity with complete linkage. Heatmap
and dendrograms were generated using the Euclidean distance based on Ward’s algorithm
for clustering [36].

3. Results and Discussion

Propolis is one of the most important bee products consumed daily as an immune
system supporter and antioxidant agent [35]. It is produced in a wide range of different
formulations in the world market. Also, there is a variety of propolis types classified
depending on color in each country such as Brazilian green propolis, Portugal red propolis,
Egyptian red propolis, etc. [36]. In recent studies, it is determined that the study of the
correlations between the parameters examined revealed a significant correlation between
the phenolic composition, antioxidant activity and color. The chemical content of the
commercially available propolis, such as European poplar propolis and Brazilian green and
red propolis, has been studied and standardized [37]. Although Turkiye has a rich flora
and significant endemic plant diversity, which can be a good source for propolis, color,
antioxidant activity potential and chemical content comparisons have not been studied
so far. Therefore, this study is dedicated to further providing information about the color
index, chemical composition and total antioxidant capacity, antiviral, cytotoxic activities
and phenolic content of 39 propolis samples from different locations in Turkiye (Figure 1,
Table S1) and two well-known commercial propolis samples.

One of the first physicochemical properties used to commercially describe propolis
is its color. As we have seen in many studies in the literature, the color of propolis is
an important indicator of biological activity and phenolic content. However, there is no
official method for propolis color identification and to the best of our knowledge, there is
limited literature references concerning the comparative study of color indices, chemical
content and biological activity on propolis. In the study conducted by Coelho et al. (2017),
colorimetric analyzes of Southeast Brazilian propolis were performed with a Minolta
colorimeter CR-400 device, using the CIELAB color system. In the study, it was shown
that the Brazilian green propolis has richer phenolic and poorer flavonoid content than the
different colored propolis samples collected from the same regions. They also stated that
green propolis, which is rich in phenolics, has a higher capacity to capture free radicals and
therefore has a higher antioxidant activity [38]. In another color determination study, the
colors were determined by the CIELAB system in physicochemical studies on Portuguese
propolis by Falcao et al. (2013). It has been shown that even though the hues of the colors
are important, the dark green propolis sample has less phenolic content than the light green.
Since antioxidant activity is related to phenolic compounds, it is stated that the antioxidant
activity capacity of these dark green compounds is low [39]. On the other hand, Machado
et al. (2016) performed a comparative study on four different colors of propolis (yellow,
red, brown, red) especially focusing on yellow propolis [40].
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In this context, this work aims to study the physicochemical parameter color index of
39 propolis samples with various colors (Figure 2) from different locations in Turkiye by
Lovibond Tintometer, for the first time. The tintometer is a subtractive colorimeter, which
used red, blue and yellow glass standards. Almost everywhere in the world, the Lovibond
color scale is nowadays considered an acceptable means of assigning precise color values
to edible oils, waxes and fats [31]. In our study red, blue and yellow glass standards in
Lovibond Tintometer were used for color detection of 39 propolis samples and two positive
controls. The units of red varied from 0.5 to 42.0 units indicating a color change from
pale red to dark brown. The red color index of propolis number 31 (Mordogan district of
Izmir province) is detected as 42.0 which is the highest red index among forty-one propolis
samples. In our previous study, diosmetin is the most abundant chemical substance in
propolis 31. This propolis also showed significant cytotoxicity against the A549 cell line
(IC50 value of 3.32 ± 0.21 µg/mL). This variation in activity may result from the variability
of the non-major compounds in the extract. Another reason for this red color index is that
honey bees collect pitch from roads as an adhesive in propolis. If the color and texture
are evaluated, it can be said that such a situation may occur in the Izmir propolis sample.
The high red color index in propolis in Izmir-Karaburun-Mordogan also corroborates the
possibility that it is due to the presence of common Red Pine (Pinus brutia) forests in this
region. It is determined that increasing the red color index in propolis also increases the
hardness of propolis [41]. Furthermore, propolis obtained from pine trees has a lower wax
content and a higher resin content. It is seen that the highest yellow index value of 70 is
predominant in propolis samples, and this value is found in eight propolis. The lowest
yellow index was determined as 2.7 in Rize propolis number 19. Rize, Çamlıtepe propolis
sample contains the highest amount of ellagic acid (12.87 mg/g) as major phenolic acid,
and it was determined that the Eastern Black Sea Region, including Rize, Çamlıtepe, is
rich in citrus and pine trees. This propolis, which has the lowest yellow index, also has the
lowest CUPRAC total antioxidant capacity (TAC) and total phenolic content according to
the Folin–Ciocalteu colorimetric method, but the DPPH antioxidant capacity is high. It is
clearly seen that the total phenolic content decreases as the yellow color index decreases.
These results are also compatible with the literature [38]. The blue color index which is the
highest one is detected as 3.4 for both propolis samples from Sivas-Gürün and Tekirdag (4
and 6) which is interesting and strengthens the prediction that it originates from Juniperus
excelsa (Brown juniper), which is common in both regions. In addition, the antioxidant
capacity of propolis samples 4 and 6 were determined as 83.05% and 83.13%, respectively,
as one of the highest values.

Methylquercetin, an antioxidant flavonoid compound, was detected at high levels in
propolis collected from Bergama, Izmir (20), Hakkari (22) and Igdir (25), and the yellow
index of these propolis samples is varying between 4.2–24.4 in significant value. Aesculus
hippocastanum L. (horse chestnut) and Crataegus L. (hawthorn) trees were widely spread
in these regions. These propolis samples also exhibited considerable toxicity on HeLa
cells [32]. Quercetin content, which is another antioxidant component, was the highest
value with 54.52 mg/g in the propolis sample from Hakkari (22). This propolis sample
(22) contains significantly more phenolic and flavonoid compounds such as chrysin, caffeic
acid phenethyl ester, apigenin, acacetin, quercetin, naringenin, rhamnocitrin and diosmetin
than any other sample. When it comes to the plant origin of this propolis sample 22,
Juglans regia L., Quercus spp. L., Origanum vulgare L., Astragalus L., Elaeagnus angustifolia L.,
Cotoneaster spp. Medik and Morus alba L plants spread in the region and are responsible
for the chemical content. Epigallocatechin, which is the active ingredient of green tea, was
determined in Bergama, Izmir (20), Muradiye, Manisa (3), Trabzon (12) and Gumushane
(21) of which yellow index and antioxidant activity are considerably high. These results
establish a direct relationship between yellow color and antioxidant, cytotoxic activity
potentials [32] (Tables S2) (Figures 3 and 4).
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Recent studies proved that the formation of the most common oxidants in the body,
including the superoxide (O2

−•), hydroxyl (OH•), peroxyl (ROO•), alkoxyl (RO•) and
hydroperoxyl (HO2) radicals, which are collectively known as reactive oxygen species,
has been implicated in the oxidative deterioration of food products, as well as in several
human pathologies caused by oxidative stress processes. These free radicals are formed via
a reduction reaction of molecular oxygen and generate unoccupied electrons, which cause
oxidative stress when they are out of equilibrium [42]. Propolis, a rich source of phenolic
and flavonoid compounds, can act as an antioxidant with high potentialities in scavenging
free radicals associated with various biological activities. The total antioxidant and phenolic
capacities in TR equivalents of the same 39 propolis samples were examined by DPPH,
CUPRAC, FRAP, and Folin methods and also chemical contents of this propolis were
determined in our previous study [29]. The DPPH free radical scavenging model system is
a simple method to evaluate the antioxidant activity of compounds in which the purple
chromogen radical 2,2-diphenyl-1-picrylhydrazil (DPPH) is reduced to the corresponding
pale-yellow hydrazine by the antioxidant component [38]. According to the DPPH results
of this study, the antioxidant activity of only seven samples (numbers: 5, 7, 30, 31, 33, 34,
35) out of 39 samples was found to be below the tested two commercial propolis samples
(Brazilian green propolis and Bio-Bee propolis). The highest antioxidant capacity was found
in samples 20, 17, 37, 36, 16 and 2 varied between 84.77 ± 0.02% and 86.17 ± 0.16%. The
red and yellow color index of these propolis samples varies between 1.4–3.0 and 5.5–51.0
Lovibond Tintometer, respectively. While the blue color indexes were found as 2.6 and 2.9
only in the propolis samples numbered 16 and 17, respectively, this value was found to be
0.1 in the others. It is noteworthy that 16 and 17, which have similar blue color indices,
were collected from the same province. The highest benzaldehyde content was determined
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in the propolis from Artvin (16), and it might arise from the presence of Brosimum alicastrum
Swartz and Picea orientalis (L.) trees. Comparing the commercially available propolis
samples 40 (Bio-Bee propolis extract) and 41 (Brazilian green propolis), it is seen that the
blue color index and antioxidant capacity increased relative to each other. However, it
was not concluded that the increase in the blue color index in Turkish propolis directly
increased the antioxidant activity. In addition, the variation of propolis color to green with
the increase of blue index and yellow color intensity showed that the chemical content of
propolis was rich in phenolics. The number of phenolic compounds caffeic acid, ellagic
acid, chlorogenic acid, trans-4-hydroxycinnamic acid in these green propolis is ranging
between 0.84–636.09, 0.01–12.87, 0.01–0.70 and 1.76–62.41 µg/g, respectively (Table 1). The
results obtained in the present work are in agreement with the study conducted by Coelho
et al. (2017) [38].

Table 1. Antioxidant capacity, total phenolic contents and color index of propolis samples collected
from Turkiye.

No
COLOR DETECTION Antiox. Act. a (%) Total Phenolic Capacities a

(mmol TR/g)

Red Yellow Blue DPPH CUPRAC FRAP Folin–Cio.

1 1.6 8.1 0.1 81.48 ± 0.01 4.42 ± 0.17 2.01 ± 0.08 7.39 ± 0.25
2 3.0 51.0 0.1 84.77 ± 0.02 1.78 ± 0.35 0.65 ± 0.02 4.49 ± 0.13
3 3.0 34.0 0.1 82.22 ± 0.01 6.17 ± 0.21 1.69 ± 0.06 10.03 ± 0.31
4 3.5 18.0 3.4 83.05 ± 0.05 6.49 ± 0.24 1.97 ± 0.08 8.56 ± 0.32
5 0.5 7.3 0.1 77.49 ± 0.02 8.07 ± 0.09 1.23 ± 0.06 10.49 ± 0.26
6 6.2 7.3 3.4 83.13 ± 0.03 7.07 ± 0.08 2.05 ± 0.09 12.33 ± 0.16
7 3.0 23.0 0.1 67.96 ± 0.01 3.47 ± 0.10 1.06 ± 0.01 4.39 ± 0.09
8 5.8 70.0 0.9 80.35 ± 0.02 7.13 ± 0.19 1.43 ± 0.02 11.42 ± 0.17
9 3.6 11.5 2.6 80.83 ± 0.01 7.59 ± 0.21 2.11 ± 0.09 10.00 ± 0.32

10 8.9 70.0 0.1 81.27 ± 0.02 4.24 ± 0.03 1.32 ± 0.06 8.56 ± 0.22
11 1.5 14.0 0.1 84.22 ± 0.00 3.92 ± 0.09 1.59 ± 0.07 6.86 ± 0.19
12 11.5 70.0 0.1 81.72 ± 0.03 7.34 ± 0.08 1.76 ± 0.08 12.42 ± 0.33
13 3.0 70.0 0.1 79.77 ± 0.15 6.08 ± 0.11 1.76 ± 0.04 9.39 ± 0.36
14 2.4 5.3 2.9 80.67 ± 0.01 3.14 ± 0.13 0.31 ± 0.01 5.56 ± 0.13
15 1.8 12.9 1.9 84.67 ± 0.02 1.47 ± 0.07 2.23 ± 0.09 2.09 ± 0.07
16 3.1 7.6 2.9 84.87 ± 0.03 5.31 ± 0.13 1.68 ± 0.08 12.28 ± 0.36
17 2.6 10.5 2.6 85.76 ± 0.01 3.61 ± 0.09 1.08 ± 0.02 9.14 ± 0.19
18 4.4 13.9 2.9 84.51 ± 0.34 5.03 ± 0.11 2.27 ± 0.09 10.65 ± 0.21
19 1.4 2.7 2.6 81.72 ± 0.43 0.71 ± 0.01 0.34 ± 0.01 0.96 ± 0.02
20 1.4 5.3 0.1 86.17 ± 0.16 2.09 ± 0.04 0.55 ± 0.01 7.57 ± 0.24
21 2.4 4.2 2.6 80.68 ± 0.22 0.75 ± 0.01 0.27 ± 0.01 1.18 ± 0.07
22 3.8 24.4 1.4 79.68 ± 0.01 6.69 ± 0.22 1.60 ± 0.08 9.85 ± 0.19
23 1.2 25.0 2.2 83.59 ± 0.00 7.26 ± 0.24 2.08 ± 0.07 13.53 ± 0.32
24 1.3 20.0 0.1 83.09 ± 0.01 1.70 ± 0.09 0.54 ± 0.01 2.91 ± 0.15
25 3.3 15.0 2.9 81.19 ± 0.02 6.71 ± 0.23 2.17 ± 0.09 9.30 ± 0.21
26 5.7 21.9 0.9 81.34 ± 0.01 5.07 ± 0.19 1.58 ± 0.07 9.10 ± 0.21
27 3.2 70.0 0.1 82.32 ± 0.00 6.20 ± 0.34 2.03 ± 0.04 10.38 ± 0.23
28 5.5 70.0 0.1 84.40 ± 0.02 0.96 ± 0.02 0.32 ± 0.17 1.65 ± 0.07
29 1.5 21.0 0.1 84.28 ± 0.02 2.55 ± 0.05 0.73 ± 0.02 5.28 ± 0.19
30 2.5 16.0 1.6 68.03 ± 0.02 1.17 ± 0.03 0.60 ± 0.04 3.12 ± 0.12
31 42.0 8.9 0.1 77.00 ± 0.04 6.74 ± 0.18 0.96 ± 0.07 8.37 ± 0.22
32 9.9 57.0 0.1 83.26 ± 0.02 8.24 ± 0.31 2.24 ± 0.06 13.43 ± 0.36
33 7.5 70.0 0.1 79.09 ± 0.01 6.04 ± 0.34 1.67 ± 0.03 10.16 ± 0.33
34 1.2 7.6 0.1 69.08 ± 0.00 0.78 ± 0.01 0.32 ± 0.01 1.16 ± 0.09
35 1.4 8.3 0.1 55.98 ± 0.02 1.11 ± 0.03 0.21 ± 0.01 1.24 ± 0.80
36 3.4 10.0 0.1 85.27 ± 0.02 5.00 ± 0.21 1.73 ± 0.07 10.01 ± 0.23
37 2.0 23.0 0.1 85.56 ± 0.07 2.46 ± 0.05 0.88 ± 0.02 6.55 ± 0.34
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Table 1. Cont.

No
COLOR DETECTION Antiox. Act. a (%) Total Phenolic Capacities a

(mmol TR/g)

Red Yellow Blue DPPH CUPRAC FRAP Folin–Cio.

38 6.1 70.0 0.9 83.87 ± 0.02 5.53 ± 0.17 1.74 ± 0.07 11.11 ± 0.53
39 2.7 27.0 0.1 80.99 ± 0.13 6.12 ± 0.20 1.71 ± 0.06 9.85 ± 0.39

40 b 2.0 4.9 0.1 79.75 ± 0.07 2.67 ± 0.07 1.02 ± 0.02 4.80 ± 0.07
41 b 1.7 10.6 0.9 82.07 ± 0.09 2.68 ± 0.11 0.92 ± 0.02 5.47 ± 0.19

a Sarikahya et al., 2021 b Propolis products available on the market as a positive control, data are expressed as
mean ± SD.

Propolis samples numbered 32 demonstrated the highest CUPRAC antioxidant ca-
pacity (8.24 ± 0.31 mmol TR g−1) and phenolics contents according to the Folin–Ciocalteu
method (13.43 ± 0.36 mmol TR g−1), whereas 19 showed the lowest total antioxidant
capacity. This propolis sample was also found to have the lowest antioxidant capacity
with 0.71 (mmol TR g−1) CUPRAC and 0.96 (mmol TR g−1) compared to Folin–Ciocalteu
methods (Table 1). These results can be attributed to the high yellow index, which was
57.0 Lovibond Tintometer in propolis number 32, compared to 2.7 Lovibond Tintometer in
propolis sample number 19. It is concluded that the lowest antioxidant capacity and yellow
index value were determined in Rize-Çamlıtepe (19), which is the sample with the weaker
chemical content. It is also anticipated that there is a close relationship between the color
of the vegetation, which can be a source of propolis for this region and the antioxidant
capacity. The Rize-Çamlıtepe region is covered with broad-leaved forests, and there is a
propolis source from the Birch family (Betulaceae), the dominant species of Black Alder
(Alnus glutinosa subsp. barbata). It is determined that as the yellow color index decreases,
the hardness and antioxidant activity of propolis decreases [41].

The phenolic and flavonoid compounds are correlated with the cytotoxic activity of
propolis. Additionally, other compounds identified in the propolis such as triterpenes
and sterols are well-known to be responsible for a variety of infectious diseases such as
Alzheimer’s, diabetes, hypertension, obesity and cancer [43]. It has been proven in the
literature that propolis has cytotoxic activity against Hep-2 (squamous cell carcinoma cell
line), Caco-2 (human colon adenocarcinoma), HL60 (human promyelocytic leukemia),
MG63 (human osteosarcoma), A549 (human lung adenocarcinoma cell line), MDA-MB-231
(breast cancer cell line), PANC-1 (human pancreatic cancer cell line), HeLa (epitheloid cervix
carcinoma) and MCF7 (breast cancer cell line). However, its activity against cell lines HeLa,
MCF7 and A549 stands out [43–45]. For this purpose, the cytotoxicity results of different
color propolis extracts were discussed through a panel of cancerous and nontumor cells in
this study. The results of our previous study exhibited that propolis samples numbered
10 (Mugla), 25 (Igdir), 31 (Izmir-Mordogan), 32 (Bursa) and 38 (Istanbul) had the highest
cytotoxicity for HeLa, A549 and PC-3 cancer cell lines (Table 2) (Figure S1) [29]. Propolis
extracts with high yellow and red color index were more cytotoxic to HeLa cells followed
by A549 cells than other cells. In general, propolis samples with high yellow and red color
indexes showed significant cytotoxicity, especially on HeLa cells. The first standout of
these is propolis number 10, which was most active in HeLa cells with an index of 8.9 red
and 70.0 yellow. In the literature, we found similar results regarding the cytotoxic effect of
propolis against HeLa. They proved that yellow propolis is rich in triterpene and has high
cytotoxic activity against human ovarian cancer. However, spectrometric color analysis
was not carried out in this study (Machado et al., 2016) [40]. Another study found that
green propolis extract exhibited an antagonistic effect with doxorubicin in HeLa cells [43].
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Table 2. Cytotoxic activity results and color index of propolis samples collected from Turkiye.

No
COLOR DETECTION CYTOTOXIC ACTIVITY

MTT IC50 (µg/mL) a

Red Yellow Blue MDA-MB 231 HeLa A549 PC3 HEK293

1 1.6 8.1 0.1 47.82 ± 3.58 16.70 ± 3.35 19.05 ± 3.36 35.26 ± 2.88 43.19 ± 5.14
2 3.0 51.0 0.1 28.33 ± 0.85 17.04 ± 0.57 16.18 ± 3.40 19.79 ± 1.02 13.25 ± 4.55
3 3.0 34.0 0.1 >50 11.63 ± 2.63 14.15 ± 1.97 32.99 ± 5.90 12.21 ± 4.69
4 3.5 18.0 3.4 32.86 ± 2.65 20.14 ± 4.27 15.45 ± 4.23 22.44 ± 1.84 11.35 ± 4.90
5 0.5 7.3 0.1 24.13 ± 4.90 12.44 ± 5.34 15.06 ± 1.33 35.02 ± 2.18 19.61 ± 5.36
6 6.2 7.3 3.4 >50 12.19 ± 3.83 24.38 ± 3.12 33.85 ± 1.19 22.65 ± 2.69
7 3.0 23.0 0.1 49.34 ± 0.50 29.67 ± 4.19 >50 ND 46.95 ± 0.46
8 5.8 70.0 0.9 46.39 ± 4.57 11.96 ± 0.63 16.32 ± 5.69 38.05 ± 5.81 29.72 ± 4.89
9 3.6 11.5 2.6 46.60 ± 5.88 15.75 ± 1.17 17.33 ± 0.24 35.50 ± 5.75 21.99 ± 3.59

10 8.9 70.0 0.1 18.08 ± 5.55 1.78 ± 0.01 7.79 ± 0.33 38.55 ± 3.58 8.61 ± 2.62
11 1.5 14.0 0.1 23.79 ± 3.43 9.68 ± 0.50 20.05 ± 1.02 32.12 ± 4.71 28.46 ± 2.84
12 11.5 70.0 0.1 25.87 ± 2.99 4.46 ± 0.74 17.55 ± 0.54 34.97 ± 1.89 29.22 ± 4.54
13 3.0 70.0 0.1 25.82 ± 4.55 5.88 ± 0.76 14.93 ± 1.65 35.78 ± 1.34 25.82 ± 3.73
14 2.4 5.3 2.9 38.81 ± 4.74 14.37 ± 1.29 36.68 ± 5.52 40.56 ± 5.10 36.17 ± 5.80
15 1.8 12.9 1.9 32.91 ± 2.03 29.14 ± 5.10 16.07 ± 2.45 28.71 ± 4.40 >50
16 3.1 7.6 2.9 28.62 ± 6.34 37.47 ± 2.45 34.58 ± 3.75 29.04 ± 5.58 48.04 ± 2.08
17 2.6 10.5 2.6 35.31 ± 5.83 32 ± 0.68 28.68 ± 0.87 34.55 ± 3.21 >50
18 4.4 13.9 2.9 35.45 ± 5.39 23.20 ± 1.10 28.91 ± 5.22 30.59 ± 2.22 33.09 ± 3.55
19 1.4 2.7 2.6 20.95 ± 1.77 17.42 ± 1.20 22.25 ± 4.06 15.39 ± 4.08 19.60 ± 3.58
20 1.4 5.3 0.1 25.04 ± 5.56 22.40 ± 1.77 42.18 ± 4.81 26.71 ± 5.82 31.16 ± 3.01
21 2.4 4.2 2.6 ND 48.04 ± 0.75 ND ND 49.60 ± 0.62
22 3.8 24.4 1.4 43.90 ± 4.51 14.47 ± 3.37 21.95 ± 0.40 21.20 ± 2.21 30.68 ± 5.30
23 1.2 25.0 2.2 19.55 ± 5.67 7.67 ± 1.78 15.38 ± 0.52 15.73 ± 0.60 21.28 ± 1.51
24 1.3 20.0 0.1 >50 16.66 ± 3.08 31.84 ± 1.82 33.97 ± 5.80 49.43 ± 1.23
25 3.3 15.0 2.9 16.45 ± 3.85 8.59 ± 0.98 11.78 ± 0.50 8.12 ± 0.56 27.74 ± 3.17
26 5.7 21.9 0.9 35.32 ± 5.25 10.24 ±0.62 21.31 ± 0.13 25.36 ± 4.97 33.20 ± 0.56
27 3.2 70.0 0.1 >50 14.01 ± 0.74 24.82 ± 1.41 28.84 ± 4.79 31.33 ± 1.59
28 5.5 70.0 0.1 >50 25.72 ± 2.07 >50 41.83 ± 2.90 >50
29 1.5 21.0 0.1 41.20 ± 0.41 14.01 ± 3.17 6.88 ± 2.27 19.28 ± 5.58 29.40 ± 4.08
30 2.5 16.0 1.6 ND 44.20 ± 3.68 10.70 ± 3.59 39.03 ± 4.54 ND
31 42.0 8.9 0.1 >50 13.21 ± 1.46 3.32 ± 0.21 19.70 ± 0.18 27.39 ± 3.92
32 9.9 57.0 0.1 42.14 ± 0.85 6.79 ± 2.12 2.84 ± 0.60 22.84 ± 4.74 15.22 ± 3.44
33 7.5 70.0 0.1 >50 4.33 ± 2.09 9.04 ± 3.96 24.27 ± 5.18 39.24 ± 5.54
34 1.2 7.6 0.1 23.95 ± 0.34 14.09 ± 0.51 5.21 ± 0.09 35.57 ± 5.39 20.90 ± 2.09
35 1.4 8.3 0.1 >50 20.06 ± 5.50 16.72 ± 1.18 >50 >50
36 3.4 10.0 0.1 5.86 ± 2.37 11.98 ± 0.38 8.14 ± 0.56 20.29 ± 4.85 14.32 ± 1.13
37 2.0 23.0 0.1 4.83 ± 2.99 15.45 ± 2.50 7.29 ± 3.11 32.18 ± 4.96 31.33 ± 5.81
38 6.1 70.0 0.9 4.10 ± 1.82 13.98 ± 1.70 4.60 ± 0.44 36.47 ± 5.68 21.01 ± 5.59
39 2.7 27.0 0.1 5.38 ± 3.16 6.71 ± 2.16 2.88 ± 0.42 21.23 ± 0.94 32.74 ± 0.36

40 b 2.0 4.9 0.1 >50 27.20 ± 2.67 >50 >50 >50
41 b 1.7 10.6 0.9 ND 37.64 ± 2.08 >50 ND >50

Doxorubicin 13.14 ± 4.24 1.51 ± 0.38 14.09 ± 2.16 >20 1.10 ± 0.01
a Sarikahya et al., 2021. b Propolis products available on the market as a positive control, data are expressed as
mean ± SD.

According to the PCA (Figure 3), from left to right the 1st quadrant highlights samples
21 and 41 with similar antioxidant capacity and cytotoxicity, along with samples 14–17,
19–21 and 30 with blue index color and moderate cytotoxic activity, particularly in HeLa
and A549. Furthermore, an increased antioxidant capacity with regard to DPPH (%) was
noticed compared with the other propolis samples, whereas lower capacity was observed
in CUPRAC. The 2nd quadrant emphasized samples 23 and 25 with similar cytotoxicity
and antioxidant activities, along with samples 4, 6, 18, 22, 26, 36 and 39 which exhibited
moderate to low cytotoxic activity. In the 3rd quadrant, the propolis samples (3, 8, 10, 12,
13, 31–33) had lower activity against HeLa and HEK293, whereas higher activities were
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noticed in MDA-MB 231 and PC3. Furthermore, these samples presented high red and
yellow color indexes. The last quadrants presented the propolis samples with the lowest
blue color indexes and relatively low CUPRAC and FRAP activities. Out of these, samples
7, 28, 35 and 40 demonstrated increased cytotoxicity against all tested lines (Figure 3).

Many studies in the literature demonstrated that most of the propolis samples taken
from the temperate zone showed antiviral activity and it is known that flavonoids and esters
of phenolic acids are responsible for this activity [46]. Similarly, all 39 propolis samples in
our study showed remarkable inhibition of the virus at a concentration of 1 µg/g (Table 3)
(Figure S2). The most effective HA titer inhibition was observed as 64 in sample 9 (Usak),
which had a blue color index of 2.6, which was higher than the other samples. It also
has the best inhibition of HA titer for 0.1 µg/g decreased the virus activity five-fold in
comparison with virus control for the 0.1 µg/g concentration. Studies have shown that
certain structures in propolis, such as flavonoids and phenolics, cause antiviral effects on
the virus. In parallel with the literature, it has been determined that green propolis sample
number 9 is rich in terms of flavonoids such as naringenin, rhamnocitrin and phenolic
compounds such as caffeic acid. These molecules inhibit the virus by affecting replication
mechanisms of viruses and viral envelopes [47].

Table 3. Mortality and HA titers of chosen propolis extracts.

Samples Concentration
(µg/g)

Egg
Mortality

%
Mortality

HA
Titer

HA Titer
(log2)

Untreated SPF-ECE control 0/4 0% 0 0
Only virus control 0/4 0% 2048 11

Vehicle control
(Virus treated with %5 DMSO) 0/4 0% 2048 11

Favipiravir
(Positive antiviral agent)

10
25

0/4
0/4

0%
0%

512
256

9
8

Propolis Sample 9 (Usak) 0.1 0/4 0% 64 6
1 1/4 25% 2 1

Propolis Sample 11 (Catak-Van) 0.1 0/4 0% 128 7
1 1/4 25% 2 1

Propolis Sample 14
(Cerkezköy-Tekirdag) 0.1 0/4 0% 512 9

1 1/4 25% 2 1
Propolis Sample 19
(Camlitepe-Rize) 0.1 1/4 25% 256 8

1 0/4 0% 2 1
Propolis Sample 22
(Semdinli-Hakkari) 0.1 1/4 25% 1024 10

1 0/4 0% 2 1
Propolis Sample 26

(Serik-Antalya) 0.1 0/4 0% 512 9

1 0/4 0% 2 1
Propolis Sample 30
(İcmeler-Marmaris) 0.1 1/4 25% 256 8

1 0/4 0% 2 1
Propolis Sample 37

(Borcka-Artvin) 0.1 0/4 0% 256 8

1 1/4 25% 2 1

To better comprehend the similarities and differences between the propolis samples, a
dendrogram of the hierarchical clustering and heatmap was constructed and is presented in
Figure 4. The first cluster highlights the propolis samples with red (particularly in 31) and
yellow color indexes which were correlated with the antioxidant activities as seen by the
increased levels in FRAP, CUPRAC and Folin–Ciocalteu. Conversely, a negative correlation
was noticed in the cytotoxicity assay. The following cluster highlights the samples with
blue color index which exhibited lower antioxidant activities particularly in DPPH (7, 30
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and 35) as seen by the negative correlation. On the contrary, samples 7, 16, 21, 28, 40 and 41
presented increased cytotoxic activity mainly in HeLa and A549 (Figure 4).

As a consequence, the color index of propolis samples differs according to the plant
source. A few studies have been done to determine the color index of propolis in lit-
erature [38–40]. The paler the color resulted in the lower the phenolic content and the
antioxidant capacity [8]. The correlations between the phenolic composition and the color
revealed that the darker propolis showed a higher total phenolic content (p ≤ 0.05) [39].
It also can be observed that the yellow color was negatively correlated with the phenolic
content and with the antioxidant activity (p < 0.01) for some propolis samples. Therefore,
the yellower and paler the color, the lower the phenolic content and the antioxidant capacity,
in accordance with that previously observed. Similarly, another study that determined
different Spanish propolis samples showed that the lighter color of Spanish propolis could
be due to the collection region that is further to the north than propolis becoming darker as
one moves towards the south, due to the differences in the local flora. It also reported a
significant correlation between the observed color and the antioxidant activity [8,39].

4. Conclusions

The propolis products, which are becoming increasingly important and are used
as a dietary supplement these days attract a great deal of attention in the pharmacy,
cosmetic, food industries and apitherapy. Various countries have focused on determining
the chemical composition and different biological activities of propolis to establish their
own standards for propolis. Turkiye is the second biggest honey producer in the world with
its annual production of 81.115 tons and provides a convenient apicultural environment
in terms of flowers [48]. Therefore, considering that propolis is similarly a bee product,
Turkish propolis, which is defined by its color indices, chemical contents and potential
for many different activities such as antioxidant, antiviral and cytotoxic activity, will find
use in many fields from medicine to cosmetics [49]. These results also may be defined in
future standardization and a criterion in determining the method of use in apitherapeutic
applications for propolis samples. In addition, this study will be guided in the formation of
many scientific and industrial studies.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/antiox11102075/s1, Table S1: The exact collection localities of propolis
samples from Turkiye; Table S2: Compounds and their amounts (mg/g extract) in extracts of propolis
from Turkiye; Figure S1: Cytotoxicity and anti-inflammatory effects of propolis samples; Figure S2:
Physiological changes in the embryos after 48h incubation with propolis-virus mixture; Materials
and Methods.
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Abstract: Cerumen is a bee product produced exclusively by stingless bees, resulting from a mixture
of beeswax and plant resins. The antioxidant activity of bee products has been investigated since
oxidative stress is associated with the onset and progression of several diseases that can lead to
death. In this context, this study aimed to investigate the chemical composition and antioxidant
activity of cerumen produced by the Geotrigona sp. and Tetragonisca fiebrigi stingless bees, in vitro
and in vivo. The chemical characterization of cerumen extracts was performed by HPLC, GC, and
ICP OES analyses. The in vitro antioxidant potential was evaluated by DPPH• and ABTS•+ free
radical scavenging methods, and in human erythrocytes subjected to oxidative stress with AAPH.
In vivo, the antioxidant potential was evaluated in Caenorhabditis elegans nematodes subjected to
oxidative stress with juglone. Both cerumen extracts presented phenolic compounds, fatty acids, and
metallic minerals in their chemical constitution. The cerumen extracts showed antioxidant activity by
capturing free radicals, reducing lipid peroxidation in human erythrocytes, and reducing oxidative
stress in C. elegans, observed by the increase in viability. The results obtained indicate that cerumen
extracts from Geotrigona sp. and Tetragonisca fiebrigi stingless bees may be promising against oxidative
stress and associated diseases.

Keywords: bioprospecting; meliponines; oxidative stress

1. Introduction

Stingless bees are included in the subfamily Meliponinae (Hymenoptera, Apidae)
consisting of 58 genera and more than 550 species [1]. These meliponines play a crucial
role in plant pollination, being responsible for about 40–90% of the pollination of native
species or those cultivated in the tropics [2]. Furthermore, bee products from stingless bees,
which include honey, propolis, wax, and cerumen, are used in folk medicine [3] and have
pharmacological activities reported in the literature, such as antioxidant action [4–7].

The antioxidant activity of bee products can be related to the presence of bioactive
molecules [8], including phenolic compounds, aromatic acids, alcohols, and sugars [9], that
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are capable of neutralizing oxidative stress effects [10]. Oxidative stress results from the
imbalance between the production of reactive species, such as oxygen, and the number of
antioxidant agents to neutralize them [11]. This state of imbalance can be associated with
the onset and/or progression of several diseases, such as diabetes, cardiovascular diseases,
and cancer, which are among the leading causes of death in the world today [12,13].

From this perspective, we highlight the stingless bees Geotrigona sp. (Moure, 1943) and
Tetragonisca fiebrigi (Schwarz, 1938), distributed in different countries of Latin America, as
producers of cerumen [14,15]. Cerumen is a product elaborated exclusively by meliponines,
consisting of a mixture of beeswax and plant resins [16]. Previous studies have described
the biological activities of cerumen from other bee species, such as antioxidant activity [4].
However, no studies report the chemical composition and the biological potential of the
cerumen produced by Geotrigona sp. and Tetragonisca fiebrigi.

To evaluate the pharmacological effects of different substances, especially on the
modulation of oxidative stress, the Caenorhabditis elegans model has been widely used
due to the homology of its genes with human genes [17]. In this context, this study
aimed to investigate the chemical composition and evaluate the antioxidant activity of the
cerumen produced by the stingless bees Geotrigona sp. and T. fiebrigi in vitro and nematodes
C. elegans.

2. Materials and Methods
2.1. Preparation of Ethanolic Extracts of Cerumen from Geotrigona sp. (EEC-G) and Tetragonisca
fiebrigi (EEC-T)

The cerumen of the stingless bee Geotrigona sp. was purchased in Quimís, Manabí
province, Ecuador, and that of Tetragonisca fiebrigi was collected in Dourados, Mato Grosso
do Sul, Brazil, after Dalmo Henrique Franco Silva specialist identification. The cerumen
was stored at −20 ◦C until the preparation of the extract.

The cerumen samples were solubilized at a ratio of 4.5 mL with 80% ethanol for each
gram of cerumen [18]. The solutions were kept in a water bath at 70 ◦C in a closed container
and periodically homogenized until complete dissolution. Finally, the material was filtered
to obtain ethanolic extracts of cerumen from Geotrigona sp. (EEC-G) and T. fiebrigi (EEC-T).

2.2. Chemical Composition
2.2.1. HPLC Analysis

The phenolic compounds were identified and quantified using ultra-high-efficiency
liquid chromatography (UHPLC) coupled to a diode array detector (DAD) with wavelength
monitoring between 200 and 800 nm. A Shimadzu Shim-pack XR-ODS column (Shimadzu,
Kyoto, Japan) with a particle size of 2.2 µm and a particle size of 2 mm × 75 mm was used.
The injection rate employed was 2 µL with a 0.4 mL/min flow rate. The gradient used
consisted of (A) water with 0.1% acetic acid (v/v) and (B) acetonitrile with 0.1% acetic acid
(v/v). Identification was performed using analytical standards (3,4-hydroxycinnamic acid,
catechin, gallic acid, ferulic acid, coumaric acid, maleic acid, rutin, quercertin, apigenin,
and vanillin) obtained from Merck (Darmstadt, Germany) A curve was developed with the
analytical standards at concentrations between 1 and 1000 µg/mL for quantification.

2.2.2. GC Analysis

The fatty acid content was determined using the method described by Bligh and
Dier [19]. For fatty acid extraction, 1 mL of EEC-G or EEC-T was mixed with 10 mL of
chloroform, 20 mL of methanol, and 8 mL of distilled water (1:2:0.8) and kept in constant
homogenization for 30 min. Subsequently, 10 mL of chloroform and 10 mL of the 1.5%
sodium sulfate solution were added and kept in homogenization for two minutes. Then,
the excess water and methanol were removed from the tubes.

The material remained in an oven at 100 ◦C until the evaporation of the solvent. After
drying, the material was solubilized, and the sample was methylated with 0.25 mol/L
sodium methylate in diethyl ether methanol (1:1). Gas chromatography (GC) equipped with
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a flame ionization detector was performed for the analyses. An SP2560 30 m × 0.25 mm ×
0.20 m column was used with a temperature gradient: 80 ◦C, 0 min, 7 ◦C/min up to 240 ◦C;
injector (1/30 split) at 220 ◦C and detector at 250 ◦C. Hydrogen was used as the carrier
gas (2.0 mL/min) with an injection volume of 1 µL. Peak identification was performed
by comparison with FAME C8–C22 methylated fatty acid standards. Quantification was
performed by external standardization.

2.2.3. ICP-OES Analysis

The metal mineral content was determined by acid extraction using nitric acid (HNO3)
and hydrogen peroxide (H2O2) 30%. To determine the metal content, the samples were
prepared with deionized water. The glassware and bottles used for storage and/or sample
preparation were decontaminated with nitric acid (HNO3) 10% (v/v) beforehand, incubated
for 24 h, and then washed with deionized water. For the assay, EEC-G or EEC-T were
subjected to acid extraction, performed in borosilicate glass tubes in a digester block with a
timer (SL-25/40, Solab, Piracicaba, Brazil), and subjected to pre-digestion with 3.5 mL of
HNO3 for 24 h at room temperature (overnight). After this period, they were digested for
45 min at 150 ◦C. Then, 1.5 mL H2O2 was added and kept for another 45 min in the digester
block under the same heating. The blank only contained the mixture of HNO3 and H2O2.

The obtained solution was diluted to 10 mL with deionized water and kept at rest for
cooling. The analyses were performed by inductively coupled plasma optical emission
spectrometry (ICP-OES). The equipment was adjusted using solutions between 10 and
100 µg/L containing the elements Al, Ba, Ca, Cu, Fe, K, Mg, Mn, Na, P, S, and Zn and the
following operational parameters: radiofrequency power 1500 W, radiofrequency generator
27.12 MHz, sample aspiration flow rate 1.5 mL/min, argon flow rate (L/min) 15.00 (plasma),
and 1.00 (auxiliary) 0.45 (nebulizer). The multi-element determination of the sample was
expressed in mg/L and the analyses were performed in triplicate.

2.3. In Vitro Antioxidant Activity
2.3.1. 2,2-Diphenyl-1-picrylhydrazyl (DPPH•) Free Radical Scavenging

For the in vitro evaluation of the antioxidant activity of EEC-G and EEC-T, the DPPH-
free radical capture assay was performed [20]. For this, 200 µL of EEC-G or ECC-T
(0.001–3 mg/mL) was added to 1800 µL of 0.11 mM DPPH•. The solution was kept
in the dark at room temperature for 30 min. Then, the absorbance (Abs) was measured in a
spectrophotometer at 517 nm. Ascorbic acid and butylated hydroxytoluene (BHT) were
used as the standard. Three independent experiments were performed in duplicate. The
percentage of DPPH• capture was calculated according to the following equation:

DPPH-capturing activity (%) = (1 − Abs sample/Abs control) × 100, (1)

and the concentration able to inhibit 50% of the free radical (IC50) was calculated.

2.3.2. Elimination of the Free Radical 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS•+)

The antioxidant activity of the cerumen extracts was also evaluated using a 2,2′-
azinobis(3-ethylbenzothiazoline-6-sulfonic acid) radical capture assay (ABTS•+) [21]. The
ABTS•+ radical was prepared by adding 88 µL of a potassium persulfate solution (140 mM)
to 5 mL of the aqueous ABTS solution (7 mM). After 12 h, this solution was diluted in
absolute ethanol until an absorbance of 0.700 ± 0.05 at 734 nm was obtained. Then, 20 µL
of EEC-G or EEC-T (0.001–2 mg/mL) was added to 1980 µL of ABTS•+ radical solution and
incubated for 6 min in the dark at room temperature. The absorbance was measured in a
spectrophotometer at 734 nm.
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Ascorbic acid and BHT were used as reference antioxidants. Three independent
experiments were performed in duplicate. The percentage of ABTS•+ radical inhibition
was calculated according to the following equation:

ABTS radical inhibition (%) = ((Abs control − Abs sample)/Abs control) × 100, (2)

and the concentration able to inhibit 50% of the free radical (IC50) was calculated.

2.4. Antioxidant Activity in Human Erythrocytes

After approval by the Research Ethics Committee of the University Center of Grande
Dourados (UNIGRAN), Brazil (CEP process number 123/12-UNIGRAN), 20 mL of periph-
eral blood was collected from a healthy donor in tubes containing sodium citrate. The
material was centrifuged at 1500 rpm for 10 min. Subsequently, the blood plasma and
leukocyte layers were discarded. The erythrocytes were washed three times with 0.9%
sodium chloride (NaCl) solution. A 10% red cell suspension in 0.9% NaCl was prepared for
the assays.

2.4.1. Hemolysis and Oxidative Hemolysis

The anti-hemolytic assay was performed on human erythrocytes to evaluate the ability
of cerumen extracts to provide antioxidant protection in human cells [5]. For this, a 10%
erythrocyte suspension was pre-incubated at 37 ◦C for 30 min in the presence of different
concentrations of EEC-G or EEC-T (0.01–1 mg/mL). Then, to evaluate the effect of the
extracts on hemolysis and oxidative hemolysis, 0.9% NaCl or the oxidizing agent 2,2′-
Azobis(2-amidinopropane) dihydrochloride (AAPH) 50 mM, respectively, was added. The
samples were kept at 37 ◦C for 2 h under constant stirring. After this period, the samples
were centrifuged at 3000 rpm for 5 min, and 200 µL of the supernatant was added to 1800 µL
of 0.9% NaCl. The absorbance was measured in a spectrophotometer at 540 nm. A 0.36%
ethanol solution was used as a solvent control. A solution of ascorbic acid (0.01–1 mg/mL)
was used as a positive control. Total erythrocyte hemolysis was induced with distilled
water. Three independent experiments were performed in duplicate. The percentage of
hemolysis was determined by the equation:

Hemolysis (%) = (Abs sample/Abs total hemolysis) × 100. (3)

2.4.2. Malondialdehyde Dosage (MDA)

To evaluate the efficiency of cerumen extracts on lipid peroxidation, the MDA dosage
was realized in human erythrocytes subjected to oxidative stress induced with AAPH [5].
For this, a 10% erythrocyte suspension was pre-incubated at 37 ◦C for 30 min with different
concentrations of EEC-G or EEC-T (0.01–1 mg/mL). Subsequently, a 50 mM AAPH solution
was added and the samples were kept at 37 ◦C for 2 h under constant stirring. After this
period, the samples were centrifuged at 3000 rpm for 5 min. Then, 500 µL of the supernatant
was collected and added to 1 mL of 10 nM thiobarbituric acid (TBA). All samples were
incubated at 96 ◦C for 45 min and then cooled for 15 min. After this period, 4 mL of n-butyl
alcohol was added to the samples, which were centrifuged at 3000 rpm for 5 min. The
absorbance of 2 mL of the supernatant was measured in a spectrophotometer at 532 nm.
A 0.36% ethanol solution was used as a solvent control. Ascorbic acid (0.01–1 mg/mL)
was used as a positive control. MDA at 20 µM was used as a standard. Three independent
experiments were performed in duplicate. MDA content was expressed in nmol/mL,
obtained by the following equation:

MDA (nmol/mL) = Abs sample × (20 × 220.32/Abs MDA standard). (4)

2.5. Antioxidant Activity in C. elegans

To perform the in vivo assays, the wild-type strain N2 of C. elegans nematodes, ob-
tained from the Caenorhabditis Genetics Center (University of Minnesota, Minneapolis, MN,
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USA), was used. The animals were kept in Petri dishes containing Nematode Growth
Medium (NGM) agar and fed with Escherichia coli OP50 bacteria. For the assays, the ne-
matodes were synchronized by treatment with hypochlorite (1%) and sodium hydroxide
(NaOH 5 M) [22].

2.5.1. Acute Toxicity Assay

The acute toxicity assay was performed to evaluate the effect of EEC-G and EEC-T on
the viability of C. elegans [23]. For this, 10 to 20 synchronized nematodes at the L4 stage
were transferred to 96-well plates containing M9 medium. Then, different concentrations of
EEC-G or EEC-T (0.005–1 mg/mL) were added. The treated nematodes were kept in BOD
at 20 ◦C for 24 h. After this period, the viability of the nematodes was evaluated under a
stereomicroscope. The individuals were considered alive when they moved after being
touched with a platinum micro spatula. Three experiments were performed in triplicate.

2.5.2. Oxidative Stress Resistance Assay

To evaluate the effect of EEC-G and EEC-T on the oxidative stress induced by
5-hydroxynaphthalene-1,4-dione (juglone) in C. elegans, the oxidative stress resistance
assay was performed [24]. For this, 10 to 20 nematodes at the L4 stage were transfected
into 96-well plates containing liquid M9 medium. The nematodes were pretreated with
different concentrations of EEC-G or EEC-T (0.01–1 mg/mL) for 1 h at 20 ◦C. Then, the
animals were exposed to the oxidizing agent juglone (40 µM) and incubated at 20 ◦C for
24 h. After this period, the nematode viability was assessed using a stereomicroscope. The
individuals were considered alive when they moved after being touched with a platinum
micro spatula. Three experiments were performed in triplicate.

2.6. Statistical Analysis

The data obtained were expressed as the mean ± standard error of the mean (SEM).
The 50% inhibitory concentration (IC50) with 95% confidence limits was determined by
non-linear regression. For analysis and comparison between the experimental groups,
univariate analysis of variance (ANOVA) was used, followed by Dunnett’s post hoc test.
The results were considered significant when p ≤ 0.05.

3. Results
3.1. Chemical Composition

The phenolic compounds, fatty acids, and metal minerals identified in EEC-G and
EEC-T are presented in Table 1. HPLC analysis revealed the presence of different phenolic
compounds for EEC-G and EEC-T. Among the phenolic compounds present in the cerumen
extracts, catechin for EEC-G and rutin for EEC-T were the most noteworthy.

Table 1. Phenolic compounds, fatty acids, and metallic minerals were identified in the ethanolic
extract of cerumen from Geotrigona sp. (EEC-G) and Tetragonisca fiebrigi (EEC-T).

Compounds EEC-G (mg/L) EEC-T (mg/L)

Phenolic compounds
3,4-hydroxycinnamic acid 3.040 ± 0.032 -

Catechin 10.000 ± 0.044 -
Gallic acid - 6.473 ± 0.020

Rutin - 12.993 ± 0.022
Vanillin 4.020 ± 0.035 -

Dicarboxylic acids
Maleic acid 1.970 ± 0.023 -
Fatty acids

Caprylic acid 0.303 ± 0.003 0.347 ± 0.003
Capric acid 1.607 ± 0.007 1.503 ± 0.003
Lauric acid 2.590 ± 0.012 2.543 ± 0.009
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Table 1. Cont.

Compounds EEC-G (mg/L) EEC-T (mg/L)

Myristic acid 9.973 ± 0.035 10.583 ± 0.015
Pentadecanoic acid 0.103 ± 0.003 0.103 ± 0.003

Palmitic acid 37.193 ± 0.143 35.953 ± 0.046
Margaric acid 0.103 ± 0.003 0.107 ± 0.003

Stearic acid 10.983 ± 0.020 11.447 ± 0.009
Arachidic acid 3.347 ± 0.020 3.417 ± 0.018
Behenic acid 3.067 ± 0.023 2.987 ± 0.015

Myristoleic acid 7.447 ± 0.035 7.107 ± 0.020
Palmitoleic acid 8.683 ± 0.035 9.173 ± 0.032

Oleic acid 12.083 ± 0.071 12.027 ± 0.032
Linoleic acid 13.710 ± 0.059 13.523 ± 0.020

Linolenic acid 14.237 ± 0.041 14.023 ± 0.024
Metallic minerals
Aluminum (Al) 0.713 ± 0.012 0.593 ± 0.009

Barium (Ba) 0.263 ± 0.003 0.293 ± 0.009
Calcium (Ca) 1.510 ± 0.017 1.343 ± 0.231
Copper (Cu) 0.260 ± 0.006 0.290 ± 0.017

Iron (Fe) 0.713 ± 0.012 0.620 ± 0.015
Potassium (K) 1.623 ± 0.024 1.630 ± 0.035

Magnesium (Mg) 1.710 ± 0.015 1.630 ± 0.059
Manganese (Mn) 0.303 ± 0.007 0.303 ± 0.012

Sodium (Na) 0.310 ± 0.010 0.347 ± 0.015
Zinc (Zn) 0.227 ± 0.003 0.217 ± 0.003

Non-metallic minerals
Phosphorus (P) 0.777 ± 0.015 0.720 ± 0.015

Sulfur (S) 0.253 ± 0.003 0.267 ± 0.009
The values are expressed as the mean ± SEM. Analyses were performed in triplicate.

The GC analysis showed no difference in the composition of fatty acids between the
cerumen extracts. EEC-G and EEC-T presented 14 fatty acids, with an emphasis on palmitic
acid. The ICP OES analysis did not reveal any difference in the composition of metallic
minerals between the cerumen extracts. EEC-G and EEC-T showed 12 metallic minerals,
including copper, magnesium, and zinc.

3.2. In Vitro Antioxidant Activity

EEC-G and EEC-T showed antioxidant activity by scavenging DPPH• and ABTS•+

free radicals (Table 2).

Table 2. In vitro antioxidant activity of the ethanolic extract of cerumen from Geotrigona sp. (EEC-G)
and from Tetragonisca fiebrigi (EEC-T).

Sample
DPPH• ABTS•+

IC50 (mg/mL) IC50 (mg/mL)

Ascorbic acid 0.004 ± 0.00029 0.003 ± 0.00006
BHT 0.031 ± 0.005 0.009 ± 0.0009

EEC-G 1.001 ± 0.062 0.496 ± 0.040
EEC-T 1.251 ± 0.068 0.254 ± 0.023

BHT: butylated hydroxytoluene; DPPH•: 2,2-diphenyl-1-picrylhydrazyl; ABTS•+: 2,2′-azino-bis(3-ethylbenz
othiazoline-6-sulfonic acid); IC50: concentration capable of inhibiting 50% of the free radical. The values are
expressed as the mean ± SEM. Three independent experiments were performed in duplicate.

In DPPH• free radical scavenging assay, EEC-G showed lower IC50 when compared
to EEC-T. In the ABTS•+ free radical scavenging assay, EEC-T showed two times lower IC50
than EEC-G.
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3.3. Antioxidant Activity in Human Erythrocytes

EEC-G and EEC-T showed antioxidant activity in human erythrocytes (Figure 1).
EEC-T did not promote hemolysis in human erythrocytes at the evaluated concentrations
when compared to erythrocytes incubated with 0.9% NaCl only (control). However, EEC-G
induced hemolysis in human erythrocytes at the concentrations of 0.5 and 1 mg/mL in a
similar manner to ascorbic acid at the concentration of 1 mg/mL (Figure 1A).

When human erythrocytes were incubated with the oxidizing agent AAPH, EEC-T
reduced hemolysis at concentrations of 0.1, 0.25, 0.5, and 1 mg/mL by 52.37%, 62.92%,
51.58%, and 58.20%, respectively, when compared to erythrocytes incubated with AAPH
alone. EEC-G reduced hemolysis in human erythrocytes subjected to oxidative stress
with the oxidizing agent AAPH at concentrations of 0.01, 0.1, and 0.25 mg/mL by 36.78%,
54.80%, and 32.02%, respectively, compared to erythrocytes incubated with AAPH only
(Figure 1B).

EEC-T reduced the lipid peroxidation of human erythrocytes promoted by oxidative
stress induced by the oxidizing agent AAPH, observed by lower MDA content generated
at concentrations of 0.1, 0.25, 0.5, and 1 mg/mL by 52.81%, 72.01%, 66.66%, and 58.48%,
respectively, compared to erythrocytes incubated with AAPH only. EEC-G reduced MDA
content at the concentration of 0.1 mg/mL by 37.86% compared to erythrocytes incubated
with AAPH alone (Figure 1C).

3.4. Acute Toxicity and Antioxidant Activity in C. elegans

The effect of EEC-G and EEC-T on C. elegans viability is shown in Figure 2A. EEC-T
showed no toxicity at the evaluated concentrations. However, EEC-G reduced the viability
of C. elegans at the concentration of 1 mg/mL by 22.43%.

EEC-G and EEC-T showed antioxidant activity in C. elegans exposed to the oxidizing
agent juglone (Figure 2B). EEC-T reduced the oxidative stress damage promoted by juglone
in C. elegans, observed by the increase in viability at concentrations of 0.1 and 1 mg/mL by
33.87% and 46.63%, respectively, when compared to nematodes treated with juglone only.
EEC-G increased viability at 0.1 mg/mL by 38.04% compared to nematodes treated with
juglone only.
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Figure 1. Antioxidant activity in human erythrocytes: (A) percentage of hemolysis of human erythro-
cytes treated with different concentrations of ascorbic acid, EEC-G, and EEC-T (0.01–1 mg/mL); (B)
percentage of hemolysis AAPH and (C) MDA content of human erythrocytes treated with different
concentrations of ascorbic acid, EEC-G, and EEC-T (0.01–1 mg/mL) and induced to oxidative stress
with the oxidant agent AAPH. AA: ascorbic acid; EEC-G: ethanolic extract of Geotrigona sp. cerumen;
EEC-T: ethanolic extract of Tetragonisca fiebrigi cerumen; AAPH: 2,2′-Azobis(2-amidinopropane) dihy-
drochloride; MDA: malondialdehyde. +: presence; −: absence. # versus control; * versus 0 (AAPH
50 mM); ### p < 0.001; * p < 0.05; ** p < 0.01; *** p < 0.001. Values are expressed as the mean ± SEM.
Three independent experiments were performed in duplicate.

Antioxidants 2023, 12, x FOR PEER REVIEW 9 of 13 
 

 
Figure 2. Acute toxicity and antioxidant activity in C. elegans: (A) percentage of viability of C. 
elegans treated with different concentrations of EEC-G and EEC-T (0.005–1 mg/mL); (B) percentage 
of viability of C. elegans treated with different concentrations of EEC-G and EEC-T (0.01–1 mg/mL) 
and induced oxidative stress with the oxidant agent juglone. EEC-G: ethanolic extract of Geotrigona 
sp. cerumen; EEC-T: ethanolic extract of Tetragonisca fiebrigi cerumen. +: presence; −: absence. # 
versus control; * versus 0 (juglone 40 µM); ### p < 0.001; * p < 0.05; ** p < 0.01. Values are expressed 
as the mean ± SEM. Three independent experiments were performed in triplicate. 

4. Discussion 
This study shows, for the first time, the chemical composition and the antioxidant 

activity of the cerumen of stingless bees Geotrigona sp. and T. fiebrigi in vitro, on human 
erythrocytes, and in vivo, on C. elegans nematodes. 

The chemical constitution of Geotrigona sp. and T. fiebrigi showed phenolic 
compounds, fatty acids, and metallic minerals. The chemical profile of the cerumen 
differed mainly in their phenolic constituents. EEC-G presented a higher proportion of 
flavonoid catechin, while EEC-T presented a higher concentration of flavonoid rutin. 
Among the fatty acids, palmitic acid stood out, and among the metallic minerals, 
manganese, zinc, copper, and iron were present in both extracts. 

Phenolic compounds are described by their antioxidant potential, attributed to their 
chemical structure, consisting of an aromatic ring and free hydroxyls. Thus, these 
hydroxyls can donate their electrons to stabilize radical molecules [25]. 

The EEC-G showed better antioxidant activity by capturing the DPPH• radical, 
while the EEC-T showed better antioxidant activity by capturing the ABTS•+ radical. The 
difference in the response of cerumen extracts is probably related to its phenolic profile, 
since the rutin present in EEC-T is a glycoside that has the flavonolic aglycone quercetin 
(lipophilic) and the disaccharide rutinose (hydrophilic) in its chemical structure, which 
together have many free hydroxyls and amphiphilic characteristics, which makes the 
antioxidant result more evident using the ABTS•+ free radical scavenging method [26,27]. 

Figure 2. Acute toxicity and antioxidant activity in C. elegans: (A) percentage of viability of C.
elegans treated with different concentrations of EEC-G and EEC-T (0.005–1 mg/mL); (B) percentage of
viability of C. elegans treated with different concentrations of EEC-G and EEC-T (0.01–1 mg/mL) and
induced oxidative stress with the oxidant agent juglone. EEC-G: ethanolic extract of Geotrigona sp.
cerumen; EEC-T: ethanolic extract of Tetragonisca fiebrigi cerumen. +: presence; −: absence. # versus
control; * versus 0 (juglone 40 µM); ### p < 0.001; * p < 0.05; ** p < 0.01. Values are expressed as the
mean ± SEM. Three independent experiments were performed in triplicate.
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4. Discussion

This study shows, for the first time, the chemical composition and the antioxidant
activity of the cerumen of stingless bees Geotrigona sp. and T. fiebrigi in vitro, on human
erythrocytes, and in vivo, on C. elegans nematodes.

The chemical constitution of Geotrigona sp. and T. fiebrigi showed phenolic compounds,
fatty acids, and metallic minerals. The chemical profile of the cerumen differed mainly in
their phenolic constituents. EEC-G presented a higher proportion of flavonoid catechin,
while EEC-T presented a higher concentration of flavonoid rutin. Among the fatty acids,
palmitic acid stood out, and among the metallic minerals, manganese, zinc, copper, and
iron were present in both extracts.

Phenolic compounds are described by their antioxidant potential, attributed to their
chemical structure, consisting of an aromatic ring and free hydroxyls. Thus, these hydroxyls
can donate their electrons to stabilize radical molecules [25].

The EEC-G showed better antioxidant activity by capturing the DPPH• radical, while
the EEC-T showed better antioxidant activity by capturing the ABTS•+ radical. The differ-
ence in the response of cerumen extracts is probably related to its phenolic profile, since the
rutin present in EEC-T is a glycoside that has the flavonolic aglycone quercetin (lipophilic)
and the disaccharide rutinose (hydrophilic) in its chemical structure, which together have
many free hydroxyls and amphiphilic characteristics, which makes the antioxidant result
more evident using the ABTS•+ free radical scavenging method [26,27].

Besides stabilizing radical molecules, phenolic compounds can also modulate the
activity of antioxidant enzymes, contributing to the response to oxidative stress [25]. EEC-
T reduced oxidative stress at concentrations of 0.1 to 1 mg/mL in human erythrocytes,
observed by the lower percentage of hemolysis and corroborated by the lower malondi-
aldehyde content generated. Rutin, only present in EEC-T, besides eliminating free radicals
directly, is also able to increase the activity of the antioxidant enzyme glutathione perox-
idase (GPx) by increasing the production of glutathione reductase (GR) responsible for
maintaining the substrate for GPx action. Rutin also inhibits xanthine oxidase, which is
involved in the generation of free radicals [28].

Additionally, antioxidant enzymes such as superoxide dismutase and catalase depend
on metallic minerals such as iron, copper, zinc, and manganese for their function, which
were observed in the chemical spectra of both extracts. Therefore, the inhibition of free
radicals directly, together with the increase in the activity of antioxidant enzymes, may
contribute to the reduction in lipid peroxidation observed in human erythrocytes submitted
to oxidative stress.

EEC-G showed an antioxidant effect at a 0.1 mg/mL concentration and pro-oxidant
effect at higher concentrations (0.5 and 1 mg/mL). Some antioxidants, such as ascorbic acid,
have been described to have pro-oxidant potential at high concentrations [29]. Catechin,
one of the EEC-G constituents, has been described as having a pro-oxidant action by its
ability to induce pore formation that increases mitochondrial permeability [30]. Moreover,
its pro-oxidant activity can be attributed to the increase in catechin-derived oxidants after
the initial elimination of the superoxide radical anion [31,32].

In C. elegans, EEC-T ameliorated juglone-induced oxidative stress at concentrations of
0.1 and 1 mg/mL, and EEC-G only showed activity at 0.1 mg/mL and reduced viability at
the highest concentration (1 mg/mL), probably due to its pro-oxidant characteristic at high
concentrations.

Juglone is an organic compound capable of generating large amounts of the radical
superoxide anion, which induces oxidative stress and reduces nematode viability [33].
During the redox imbalance promoted by the oxidizing agent juglone, signaling pathways,
such as DAF-16/FOXO, may have been upregulated by the chemical compounds present
in the cerumen extracts. DAF-16 activation increases the gene expression of sod-3, which
triggers the activity of the mitochondrial antioxidant system through the conversion of the
superoxide radical anion by the SOD-3 enzyme to hydrogen peroxide, which is considered
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less deleterious and, subsequently, can be converted into water and oxygen by catalase
(CAT) and GPx enzymes [34].

In previous studies, it was shown that rutin, also present in EEC-T, reduced the levels
of reactive oxygen species, activated DAF-16 migration, and increased sod-3 expression in
C. elegans [35–37]. Furthermore, in other biological models, rutin reduced MDA levels and
increased the activity of antioxidant enzymes [38,39].

Additionally, it has been reported that palmitic acid and oleic acid, also present in
Geotrigona sp. and T. fiebrigi, extracts, can increase the resistance to oxidative stress in
C. elegans by activating DAF-16 [40,41]. Moreover, the presence of other constituents in
the extracts, such as manganese, may contribute to the efficiency in the activity of the
antioxidant enzyme SOD-3 in C. elegans.

5. Conclusions

Together, these results show, for the first time, the chemical composition and the effect
of cerumen from Geotrigona sp. and T. fiebrigi stingless bees on the reduction of oxidative
stress in human erythrocytes and C. elegans. Our results provide new perspectives for the
development of future studies investigating the mechanisms of the antioxidant action of
these products, as well as for potential use in diseases associated with oxidative stress.
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