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Abstract: Honeybee (Apis spp.) products have been used for centuries due to their nu-
tritional value and diverse healing properties. Propolis, produced by honeybees, is a
unique resin collected from tree buds, sap flows, and other plant exudates, which is then
mixed with bee enzymes, beewax, and secretions. This comprehensive review starts with a
meta-analysis following the PRISMA approach to explore recent advances in the chemical
composition of propolis, its biological activities and pharmacological properties, its applica-
tions and products, and future perspectives. The composition of propolis varies depending
on plant source, season of harvest, geography, type of bee flora, climate, and honeybee
species at the site of collection, and some of these are related. Flavonoids, aromatic acids,
phenolic acids, and their esters are key bioactive compounds in propolis, contributing to
their diverse pharmacological properties, such as antioxidant, antibacterial, antiparasitic,
antiviral, antileishmanial, antidiabetic, anti-inflammatory, immunomodulatory, and anti-
cancer effects. In summary, propolis stands out as a multifaceted natural product with a
broad spectrum of biological activities. This review aims to provide valuable insights for
researchers, practitioners, and decision-makers involved in studying the sources, composi-
tion, and biological activities of propolis. The highlighted hotspots and emerging frontiers
presented herein are poised to unlock the full potential of propolis, paving the way for
innovative applications in health and wellness.
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1. Introduction

Bee products have been well known and used since ancient times and the Middle Ages
for to their nutritional and therapeutic potentials in human health protection [1-4]. Propolis,
one of those bee products, commonly referred to as “bee glue”, is a resinous material pro-
duced by honeybees from substances collected from plants, buds, and exudates [1,2]. The
term propolis originates from ancient Greek, where pro means “in front of” and polis means
“city”, indicating that this natural product is used in hive protection and defense [3-5].
Bees use propolis to seal openings and cracks in their hives, smooth internal walls, and
protect against external threats such as predators and adverse weather [1,4,6].
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Since ancient times, propolis has been identified and used by humans as a traditional
and therapeutic medicine [7-10]. The ancient Egyptians primarily utilized it for embalming
their cadavers to inhibit bacterial and fungal proliferation, thus preventing decomposi-
tion [4]. They observed this behavior in bees, who embalm intruders they killed but cannot
remove from the hive [11]. Greek and Roman physicians employed propolis as an anti-
septic, and a mouth disinfectant, and also for treating gastrointestinal diseases (such as
stomach ulcers) and promoting wound healing and burn healing [12,13]. Furthermore,
British pharmacopeias in the 17th century listed propolis as an official drug [6], and since
then it has been widely used as a common natural remedy. During World War II, propolis
served as an anti-inflammatory and antibacterial treatment [5].

The chemical composition, characterized by distinct herbal aromatic scents and a
range of colors such as brown, green, yellow, and red, depends on factors, including
plant origin, geographic location, bee species, seasonality, and type of extraction solutions
used [1,14]. Today, with advancements in chemistry, sophisticated analytical techniques
allow for the determination of its chemical composition. To date, over 1000 compounds
have been identified in propolis, spanning various chemical classes, including phenolic
acids, flavonoids, terpenes, and alkaloids [15]. Ongoing research continues to uncover new
bioactive molecules within propolis [16,17], and further elucidate its biological properties,
including antioxidant, antibacterial, fungicidal, antidiabetic, anticancer, anti-inflammatory,
and immunomodulatory activities [18-24].

Currently, propolis is widely utilized in various cosmetic and healthcare products,
such as gels, creams, throat sprays, cough syrups, and mouthwashes [25,26]. The aim of this
review is to summarize and discuss the chemical composition and biological activities of
propolis, while exploring its possible applications and future perspectives as a multifaceted
natural product.

2. Methodology

A comprehensive literature search was conducted using PubMed (https://pubmed.
ncbinlm.nih.gov/, accessed on 15 February 2025) [27] to gather relevant studies published
over a period of 25 years, from January 2000 to February 2025. A variety of keywords
were employed to maximize the retrieval of pertinent articles, focusing on “propolis”
AND “propolis extraction” AND “composition of propolis” AND “biological activities of
propolis” AND “application of propolis” AND “formulation of propolis” (Table 1). A total

of 11,047 articles were retrieved (Table 1).

Table 1. List of keywords and the associated topics included in the literature search, along with the
corresponding number of publications retrieved from the PubMed database for papers published
between January 2000 and February 2025.

Searched Topics and Keywords Number of Publications
Propolis 4720
Propolis extraction 2308
Composition of propolis 790
Biological activities of propolis 2307
Application of propolis 665
Formulation of propolis 257

As shown in Figure 1, the PRISMA flow diagram for systematic reviews was employed
to guide the processes of screening, eligibility assessment, and inclusion. The PRISMA
methodology was applied to identify relevant articles and eliminate records before screen-
ing, with over 4000 entries initially retrieved. During the screening phase, records were
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reviewed, relevant reports were identified and gathered, eligibility was assessed through
exclusion criteria, and finally, 371 reports were selected for inclusion in the study.
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Figure 1. PRISMA flowchart method for literature search on propolis in PubMed database
(https:/ /pubmed.ncbi.nlm.nih.gov/, accessed on 15 February 2025) from January 2000 to Febru-
ary 2025.

The VOSviewer program (https://www.vosviewer.com/, accessed on 15 February
2025) [28] was utilized to create a network of authors and co-authors (Figure 2). A bib-
liometric analysis was performed to identify key contributors to propolis research and
related fields. By mapping author collaborations, the study aimed to reveal patterns of
cooperation and highlight influential researchers. The author network visualization in
Figure 2, generated using VOSviewer, was based on a predefined threshold—only authors
with a minimum of 10 published documents were included.

Among the 20,521 authors analyzed, 97 met the inclusion threshold, leading to the
identification of nine distinct clusters based on co-authorship connections. The size of
each author’s representation, depicted as a circle, corresponded to their number of pub-
lications, facilitating the visualization of key contributors in the field. Authors with the
highest publication counts were represented by circles with larger diameters, reflecting
their significant contributions. Bastos Jairo Kenupp, Sforcin José Mauricio, Bankova Vassya,
Rosaken Pedro Luiz, Popova Milena, and Berretta Andresa Aparecida exhibited the highest
recorded documents on VOSviewer, with 101, 76, 66, 51, 41, and 41, respectively.

Table 2 highlights some of the most prominent institutions recognized for their contri-
butions to propolis research between 2000 and 2025. These institutions, among others; are
known for their studies on the chemical composition, biological properties, and applications
of propolis.
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Figure 2. Authors and co-authors involved in the research of propolis, based on a comprehensive
literature search in PubMed database (https://pubmed.ncbi.nlm.nih.gov/, accessed on 15 February
2025) from January 2000 to February 2025, as presented using VOSviewer.

Table 2. List of leading institutions (and their countries) involved in propolis research from January
2000 to February 2025, along with their respective key research focus areas.

Name of Institution (Country) Key Research Focus Areas

Brazil is a leading producer of propolis,
and the University of Sdo Paulo has been
University of Sao Paulo (Brazil) at the forefront of research on its
antimicrobial, anti-inflammatory, and
antioxidant properties.

The institute has significantly contributed
Bulgarian Academy of Sciences to understanding the chemical profile,
diversity and bioactivity of propolis.

It is known for studies on the chemical
University of Zagreb (Croatia) composition and bioactive properties of
European propolis.

They have conducted research on the
health benefits and applications of
propolis in food and medicine.

National Institute of Agricultural Research
(INRA) (France)

They have engaged in research on the

Chinese Academy of Agricultural Sciences bioactive components and applications of

(CAAS) (China) Chinese propolis.
Researchers at this institution have
United States Department of Agriculture investigated the microbiota associated
(USDA), Arizona, and University of with propolis application, enhancing the
Minnesota (USA) understanding of its role in

honeybee health.
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VOSviewer (https:/ /www.vosviewer.com/program, accessed on 15 February 2025) [28]
was utilized to examine keyword co-occurrences. Data retrieved from PubMed were ex-
ported as a RIS file, uploaded to VOSviewer, and analyzed using the “Create a map based
on bibliographic data” function. A threshold of at least five occurrences was applied, select-
ing keywords that met this criterion. Among the 10,739 original keywords, 1566 qualified,
and a final selection of 1000 keywords was made. The co-occurrence network identified five
primary keyword clusters related to propolis, with the most prominent keywords being
propolis, animals, humans, antioxidants, and flavonoids with respective values of 3338, 1863,
1508, 614, and 518 (Figure 3).
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Figure 3. Co-clustering map of high-frequency keywords reported in papers about propolis, following
the comprehensive literature search in the PubMed database (https://pubmed.ncbi.nlm.nih.gov/,
accessed on 15 February 2025) from January 2000 to February 2025, and presented using VOSviewer.

Over the past 25 years, research on propolis has gained increasing attention, partic-
ularly following the COVID-19 pandemic (Figure 4a), which highlighted the importance
of natural compounds with potential antiviral, antibacterial and immune-modulatory
properties. Scientists and researchers worldwide have intensified their efforts to explore
the diverse chemical composition, biological activities and potential therapeutic applica-
tions of propolis. Notably, countries such as Brazil, China, the United States of America,
India, Turkey, Japan, Italy, South Korea, Iran, and Poland have emerged as leading con-
tributors to scientific advancements in this field (Figure 4b). Their research efforts span
various disciplines, including pharmacology, microbiology, and biotechnology, aiming to
better understand the potential of propolis in modern medicine, functional foods, and
pharmaceutical applications.
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Figure 4. Research trends on propolis based on the comprehensive literature search in the PubMed
database (https://pubmed.ncbi.nlm.nih.gov/, accessed on 15 February 2025) from January 2000 to
February 2025: (a) number of publications on propolis; (b) country-based research trends showing
the percentage of publications on propolis.

3. Composition of Propolis and Extractive Procedures

The chemical profile of propolis differs based on the geographical region where bees
collect their raw materials and the available flora, but it typically contains resins, beeswax,
essential oils, and pollen (Figure 5). Propolis has been used in traditional medicine for its
potential antibacterial, antiviral, antifungal, and anti-inflammatory activities. Historically, it
has been applied to wounds, used to treat abscesses, and employed in various remedies [4].

Pollens 5% Other Substances 5%

[Essential oils 10%

G\
\\

M Resin ™ wax M Essential oils Pollens m Other Substances
Figure 5. Gross chemical components of propolis.

Based on geographic origin and plant source, researchers have categorized propolis
into seven major types [29,30]:
e Poplar (China, New Zealand, Europe, and America) originates mainly from the bud
exudates of Populus species [31]. It is rich in flavonoids such as chrysin, galangin,
and pinocembrin.
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e  Birch (Russia) originates from Betula verrucosa Ehrh, and is characterized by high levels
of phenolic acids and their esters [5].

o  Mediterranean (Malta, Sicily, Crete, and Greece) is mainly collected from the resin of
Cupressus sempervirens, and is noted for its abundance of diterpenes [6].

e  Green (Southeastern Brazil) is derived from Baccharis dracunculifolia [32], distinguished
by its high content of prenylated phenolic compounds such as artepillin C.

e Red (Southeast Mexico, Northeastern Brazil, and Cuba) is collected from resins of
Dalbergia ecastaphyllum [33], and is rich in isoflavonoids and polyphenolic compounds.

e  Brown (some regions of Brazil, Venezuela, and Cuba) is collected from the resins of Clu-
sia species and Copaifera species [34], characterized by the presence of benzophenones
and polyisoprenylated benzophenones.

e  Pacific (Hawaii, Taiwan, and Indonesia) is collected from Macaranga species and contains
significant amounts of prenylated stilbenes and other phenolic compounds [4,35,36].

Across all types, the major chemical groups present in propolis include flavonoids,
phenolic acids or their esters, terpenes, aliphatic and aromatic acids, fatty acids, alcohols,
[3-steroids, and alkaloids [37,38].

Flavonoids such as flavones (luteolin), flavonols (quercetins and derivatives), fla-
vanones (pinocembrin, 5,7-dihydroxyflavone and derivatives, naringenin), flavanonols
(garbanzol and alnustinol), chalcones and dihydrochalcones, isoflavones (calycosin), isodi-
hydroflavones (daidzein), flavans, isoflavans (vestitol and derivatives), and neoflavonoids
(homopterocarpin and medicarpin) are the primary compounds responsible for the phar-
macological properties of propolis [39]. Phenolic compounds, including cinnamic acid,
pinocembrin, p-coumaric, chrysin, caffeic and fulvic acids, naringenin, galangin, caffeic
acid phenylethyl ester (CAPE), apigenin, and quercetin, also contribute to its biological
properties [4,25].

Although terpenoids constitute only about 10% of the composition, they are respon-
sible for the characteristic odor of propolis and serve as key factors in differentiating
various types. These include monoterpenes (terpineol, camphor), diterpenes (the main
group, such as ferruginol, junicedric acid and derivatives, pimaric acid, and totarolone),
triterpenes (such as lupeol and derivatives, lanosterol, and amyrone and derivatives), and
sesquiterpenes (such as 3-elemene, valencene, x-ylangene, and o«-bisabolol) [38].

Propolis has also proved to be a rich source of minerals (Ca, Mg, I, K, Zn, Cu, Mn, Fe,
and Na) and vitamins (B1, B2, B6, C, and E), which are fundamental for various structures
and functions [40]. Furthermore, enzymes such as glucose-6-phosphate, adenosine triphos-
phate, acid phosphate, and succinic dehydrogenase have been identified in various types
of propolis [38,41,42].

Moreover, amides, proteins, amines, and amino acids (glutamic acid, methionine,
aspartic acid, tryptophan, phenylalanine, leucine, cysteine, lysine, serine, histidine, arginine,
proline, tyrosine, alanine, threonine, and valine) have been found in propolis, serving as
sources of nitrogen [38].

Indeed, through various high throughput chromatographic technics, such as high-
performance liquid chromatography (HPLC), gas chromatography-mass spectrometry (GC-
MS), thin-layer chromatography (TLC), and nuclear magnetic resonance (NMR) [43,44],
over 1000 different molecules from various origins have been identified [15,45]. It should
be noted here that the chemical profile of propolis extracts is influenced by the choice of
solvent [15]. Numerous studies have employed solvents such as ethanol, hexane, water,
ethyl ether, chloroform, methanol, seed oil, and acetone. It was concluded that ethanol,
particularly at a concentration of 70-75%, is the most suitable and effective solvent for
extracting propolis [25,46].
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Many studies have reported variations in the chemical composition and biological
properties of propolis extracts based on the extraction technique used, emphasizing the
influence of the method on the yield and selectivity of certain compounds [47-50], and
consequently on the biotechnological potential of the extracts.

Due to limitations associated with conventional liquid propolis extracts, newer, more
environmentally friendly extraction methods have been developed, including macera-
tion, Soxhlet extraction (SE), ultrasonic-assisted extraction (UAE), microwave-assisted
extraction (MAE), and supercritical CO, extraction. These newer methods are designed to
achieve higher yields while consuming less energy and time, making them more economi-
cally efficient for the industrial applications, particularly in the production of functional
foods [51,52].

Pellati et al. [53] described the use of UAE and MAE of propolis extraction using an
ethanol-water mixture of (80:20, v/v) and compared their effectiveness with traditional
maceration and conventional heat reflux extraction (HRE). Their findings demonstrated that
modern technologies achieved extraction efficiencies comparable to traditional methods
while operating within similar or shorter processing times.

Furthermore, many studies have shown that UAE can efficiently enhance the extraction
process, allowing for the rapid recovery of a wide range of compounds while minimizing
the use of organic solvents and operating at lower temperatures [15]. This approach reduces
energy consumption and it is crucial for preventing the thermal degradation of sensitive
active compounds [48,54-56].

Sambou et al. [57] compared SE, MAE, and UAE using ten extraction solvents for
their efficiency in extracting phenolic and flavonoid compounds, antioxidants, and 5-
lipoxygenase inhibitory compounds from eastern Canadian propolis. Their results showed
that UAE was effective in achieving higher yields in shorter times with preserving the high
biological activity of the extracts.

Reis et al. [58] and Khacha-Ananda et al. [59] reported that extracts obtained by UAE
had higher concentrations of phenolics and flavonoids and exhibited greater antimicrobial,
antioxidant, and cytotoxic activities. These results were confirmed by Ding et al. [60], who
demonstrated that UAE significantly increased the yield of total phenolics and flavonoids,
thus enhancing the antimicrobial activity of the extracts.

The enhancement achieved through UAE generally attributed to various mechanical
effects, such as the disruption of cellular structures, which increases mass transfer and the
contact surface area between the solvent and the material [55,61,62]. Consequently, the
acceleration of the extraction process is remarkable. Oliver et al. [63] used microscopy to
illustrate the effects of ultrasound on wax, showing that the process led to a redistribution
of the wax within the sample, thereby improving substrate accessibility. By fragmenting
and dispersing particles, UAE facilitated the incorporation of waxy propolis material into
the extract, eliminating the need for an overnight step.

4. Biological Activities of Propolis
4.1. Antioxidant Activity

Oxidative stress is recognized as a major public health problem. It results from an
imbalance between free radicals and antioxidants in the body, leading to cell damage and
contributing to various any diseases, such as heart disease, atherosclerosis, and cancer [64].
To prevent oxidative stress and avoid the side-effects of synthetic antioxidant drugs, natural
products have emerged as valuable sources of antioxidant compounds, with propolis being
recognized as one of the richest in bioactive components [65].

Numerous studies have demonstrated the antioxidant activity of propolis using the
DPPH assay, which is based on the reduction in the 2,2-diphenyl-1-picryl-hydrazyl-hydrate
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(DPPHe) radical in the presence of an antioxidant, resulting in the formation of the non-
radical DPPH-H form at the end of the reaction [66]. The DPPH assay, which is the
most frequently used method and relies on a color change in the solution, is a valid, easy,
accurate, sensitive, and cost-effective method to evaluate scavenging activity of antioxidants
in extracts. Since the DPPH radical is stable, it does not need to be generated (via chemical
reactions or external factors), unlike other scavenging assays [65,66].

It should be noted that antioxidant activity should not be determined using a sin-
gle test model; instead, employing multiple evaluation methods is recommended for a
more comprehensive assessment [65,67,68]. Several studies worldwide have investigated
different propolis samples using of other assays, such as those based on 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) scavenging activity, ferric reducing antioxi-
dant power (FRAP), and [3-carotene bleaching [60,69-73]. These methods have relatively
simple and rapid protocols. However, they are based on different mechanisms, with differ-
ent mechanisms, with distinct reaction environments, principles, and charged radicals, and
utilize different reference compounds. As a result, comparing data obtained from these
methods can be challenging [45].

Flavonoids and phenolic acids are believed to be primarily responsible for the antioxi-
dant activity of propolis [36,74-77]. The flavonoids in propolis are powerful antioxidants,
capable of scavenging free radicals by interacting with the reactive components of the
radical, thereby rendering them inactive [78]. These compounds protect cells from dam-
age [79] and lipid peroxidation [80,81]. Additionally, the phenolic compounds in propolis
and their esters block and suppress the generation of reactive oxygen species (ROS) [20,80].
This antioxidant activity in propolis has been attributed to several of its components, such
as quercetin, pinocembrin, CAPE, kaempferol, artepillin-C, caffeic acid, galangin, benzyl
caffeate, pinocembrin, ferulic acid, p-coumaric acid, flavones, and flavanols [73,82-84].
However, it is challenging to identify the most effective components, as several bioactive
compounds in propolis may act synergistically to enhance antioxidant activity [85,86].

It is important to note that propolis from different geographical locations exhibits
varying antioxidant activity, despite differences in chemical composition [36,87]. This vari-
ability is due to factors such as plant origin, geographic location, bee species, temperature
variations, seasonality, and storage conditions [69,70,88,89]. Furthermore, the method of
extraction and the type of solvent used can influence the chemical composition of propolis
extracts [90,91]. These factors contribute to the variability in antioxidant activities observed
in different propolis extracts worldwide, making comparisons between results difficult or,
in some cases, not feasible.

In vivo studies, particularly using mouse models such as C57BL/6 mice with acute
lung inflammation caused by cigarette smoke, have shown that propolis extract enhances
the activity of superoxide dismutase, glutathione peroxidase, and catalase, while reducing
malondialdehyde levels and decreasing the glutathione/oxidized glutathione ratio [92].
Da Silveira et al. [93] demonstrated a decrease in the production of nitric oxide and mal-
ondialdehyde in 3-month-old male Wistar rats, without affecting the levels of antioxi-
dant enzymes superoxide dismutase and catalase. Sun et al. [94] showed that propolis
strengthens the body’s antioxidant defense system, preserves vitamins, and reduces hy-
droperoxide activity. Remirez et al. [95] and Lima et al. [96] demonstrated a protective
effect of propolis against liver injury and DNA damage in rats induced by allyl alcohol
and 1,2-dimethylhydrazine, respectively. The bioactive compounds in propolis exhibit
strong antioxidant properties, effectively neutralizing free radicals and protecting cells
from various forms of macromolecular damage.
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4.2. Antimicrobial Activity

Microorganisms, including bacteria, viruses, fungi, and others, are responsible for
infectious diseases in humans and exhibit significant genome instability along with a strong
ability to adapt to changing environmental conditions. Due to the increasing failure of
synthetic microbial drugs, there is growing interest in natural products like propolis as
sources of new bioactive molecules [7].

4.2.1. Antibacterial Activity

The antibacterial properties of propolis have been recognized since ancient times.
Bees utilize propolis to maintain a sterile environment within their hives, acting as a
natural disinfectant [3]. This characteristic has sparked scientific interest in exploring the
antibacterial potential of propolis collected from various regions worldwide. The ethanolic
extract of propolis is the most commonly used form, primarily because of its effectiveness
in extracting the bioactive compounds present. Table 3 summarizes the susceptibility of
several bacterial strains, both Gram-positive and Gram-negative, to propolis extracts.

Table 3. Activity of propolis extracts (using different solvents) from various geographical regions
(country/region), listing their major components and antibacterial effects different Gram-positive
and Gram-negative bacteria, as tested in various methods.

Cour.ltry/ Solvent Major Method Bacteria Tested Key Results Ref.
Region Components
Propolis extracts in ethanol or
Ethanol or Acar well propylene glycol showed
Poland propylene / di%fusion E. coli, S. aureus antibacterial activity against S. [12]
glycol ' aureus. Both extracts exhibited
similar activity against S. aureus.
flavonoids as Bacillus subtilis, .
galangin, Escherichia coli, Al.l the exfcracts > hpwed h1gh
China Ethanol pinocembrin,  Disk diffusion Staphylococcus antimicrobial activity against S. [60]
and aures. Listeria aureus, L. monocytogenes and B.
pinobanksin monoc],y togenes subtilis, but no effect on E. coli
The flavonoids The extracts demonstrated activity
Brazil Ethanol and aromatic Microdilution E. coli, S. aureus against S aurens an.d E. coli, Whﬂe [84]
compounds the activity was higher against
' S. aureus
S. aureus. Bacillus Ethanolic extract of Algerian
Phenolics and 'cereus ,E coli propolis samples inhibited growth
Algeria Ethanol fAavonoids Disk diffusion Pset d;m'onas, of all examined microorganisms [97]
' erieinosa with the highest activity against
8 Gram-positive bacteria
Inhibitory zones of samples varied
P aerueinosa. E from 7 to 17 mm compared to
Romania Water / Well diffusion. éoli Sgaurezls ' ciprofloxacin with inhibitory 98]
Microdilution B’ c‘ereus ! zones between 25 and 30 mm.
' Synergistic interaction between
propolis and honey
Multidrug- Twenty antibiotics showed low
resistant bacteria, inhibitory zones due to resistance.
India Ethanol / Microdilution Acinetobacter sp., Combination of propolis extract [99]

Enterobacter sp.,

Strenotrophomonas

sp.,

with phenethyl caffeate, chrysin
and galangin enhanced the
antibacterial activity
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Table 3. Cont.
Cour}try/ Solvent Major Method Bacteria Tested Key Results Ref.
Region Components
Gram-positive bacteria were more
sensitive than Gram-negative.
Variation in activity depends on
the propolis origin. Inhibitory
zones of propolis varied from 10
s to 22.5 mm compared to
. Agar well Gram-positive . R
Flavonoids ¢ . chloramphenicol with inhibitory
Morocco Ethanol . diffusion. and [100]
enriched Microdilution Gram-negative zones between 19 and 37 mm.
& MIC values ranged from 0.15 to
5 mg/mL, and MBC values varied
from 1.25 to 5 mg/mL.
Chloramphenicol showed MIC
and MBC values between 0.0002
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Australia, . Canada and Egypt showed the
flavonoids . .. .
Greece, highest activity against S. aureus,
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Many methods, as recommended by the National Committee for Clinical Laboratory
Standards, have been employed to evaluate the antibacterial activity of propolis [105]. The
agar diffusion method is often used for screening samples against a variety of microor-
ganisms, with results expressed as the diameter of the inhibition zone where bacterial
growth is absent. Microdilution and macrodilution techniques provide quantitative data,
specifically the minimum inhibitory concentration (MIC) and the minimum bactericidal
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concentration (MBC), respectively. However, it should be noted that comparing results
from studies remains difficult due to variations in the composition of propolis and the
methods used for evaluation [105]. The variability in microbiological results between
different propolis samples/extracts can be explained by factors such as geographical origin,
plant diversity, water content, climate, and bee species, all which influence the formulation
and characteristics of propolis [18,60,106,107].

According to the literature, propolis from Algeria [97], Kenya [108], Egypt, China,
Bulgaria, Spain, Australia, Greece, Italy [74], Brazil [109], Portugal [110], Iran, and many
other countries [98-100] exhibited a stronger activity against Gram-positive bacteria, with
limited or no effect against Gram-negative bacteria. The greater sensitivity of Gram-positive
bacteria to propolis extracts has been attributed to structural differences between bacterial
groups [101]. Gram-negative bacteria possess an outer membrane with a higher lipid and
polysaccharide content, which can prevent the entry of bioactive molecules into the cell
membrane [60,102]. Moreover, Gram-negative bacteria may produce hydrolytic enzymes
capable of degrading propolis components [30].

The antibacterial properties of propolis involve various mechanisms critical for bacte-
rial survival and growth, including the inhibition of nucleic acid synthesis [111], disruption
of membrane potential, and reduction in adenosine triphosphate (ATP) production [38,112]
(Figure 6). Additionally, the type of propolis—and therefore its antibacterial compounds—
varies significantly depending on plant sources and geographical region. For instance,
Turkish propolis is mainly derived from poplar bud exudate [113,114], containing pentenyl
and aromatic caffeates, pinocembrin, pinobanksin-3-O-acetate, and galangin, which serve
as taxonomic markers for poplar propolis [42]. Meanwhile, European propolis is charac-
terized by flavonoids and cinnamic acid derivatives, and Brazilian propolis by diterpenic
acids and prenylated coumaric acids [42].

/

Propolis

Decrease of membrane integrity Increase membrane permeability

Disruption of membrane potential
and ATP production

Perturabtion in bacteria
communication

Figure 6. Antibacterial and antiparasitic activities of propolis.

The bactericidal action of propolis is largely linked to its higher concentration of phe-
nolic and flavonoid compounds, especially CAPE, galangin, cinnamic acid, pinocembrin,
pinobanksin, and ferulic acid [12,60,115]. However, due to the complex composition of
propolis, which includes over 1000 compounds, it is difficult to attribute activity to a single



Life 2025, 15, 764

13 of 44

molecule. This suggests that its antimicrobial activity results from a synergistic effect
among its various components [84].

Moreover, several researchers [116,117] have tested pure compounds identified in
propolis and demonstrated that caffeic acid, cinnamic acid, coumaric acid, quercetin, and
ferulic acid exhibited antibacterial activity. Nonetheless, the antibacterial activity of natural
propolis is higher compared than that of individual compounds, further supporting the
idea of a synergistic interaction [100].

The growing phenomenon of bacterial resistance to synthetic antibiotics has stimulated
interest in natural products such as propolis for combating multidrug-resistant (MDR)
bacterial strains. Several studies have reported the bactericidal effects of propolis samples
against clinically isolated MDR bacteria. For example, Stepanovic et al. [118] demonstrated
that Serbian propolis exhibited strong antibacterial activity against MDR Gram-positive
and Gram-negative clinical isolates, with inhibition zones ranging from 6 to 13 mm and 1
to 6 mm (excluding the hole size), respectively. Astani et al. [119] revealed that propolis
had both bacteriostatic and bactericidal activity against MDR Staphylococcus aureus (MRSA),
and vancomycin-resistant Enterococcus faecium (VRE). Boufadi et al. [116] reported that
Algerian propolis samples increased inhibition zone diameters in a dose-dependent manner
against four pathogenic bacterial strains, although strong resistance was observed against
nonpathogenic strains of Shigella dysenteriae (CECT 524) and Shigella sonnei (CECT 584).
Propolis from Bulgaria has shown effectiveness against a wide range of anaerobic bacteria,
including species of Propionibacterium, Bacteroides, and Clostridium [120]. Additionally,
oblongifolin and xanthochymol, compounds identified in propolis, have demonstrated
antimicrobial activity against MDR bacteria [121]. The diverse mechanisms of propolis
have also led researchers to explore its use in combination with antibiotics as a strategy to
combat microbial drug resistance.

Certain studies have reported that combining propolis extracts (at 10% concentration)
with topical antibiotics enhanced antibacterial activity against S. aureus strains isolated from
abscesses and infected wounds, with the most significant effects observed when combined
with bacitracin, gentamicin, and oxytetracycline [122]. Furthermore, the synergistic action
of Irish propolis in combination with oxacillin and vancomycin against MRSA strains has
been confirmed. The combination of propolis and levofloxacin also demonstrated increased
efficacy against Haemophilus influenzae and Streptococcus pneumoniae, pathogens associated
with respiratory infections [101].

The synergistic effect of propolis ethanolic extract with ciprofloxacin against clinically
relevant P. aeruginosa and S. aureus has also been described [119,123]. These studies showed
that propolis extracts enhanced the antibacterial effect of antibiotics during pathogenesis.
Other studies have reported synergistic interactions between propolis and antibiotics such
as gentamicin, chloramphenicol, tobramycin, netilmicin, linezolid, and tetracycline, demon-
strating efficacy against both drug-sensitive and drug-resistant bacterial strains [124,125].

In vivo studies have shown that administration of ethanolic propolis extract at 300
mg/kg body weight for 30 days provided strong antibacterial effects against Salmonella in
infected BALB/c mice [126]. Similarly, Santiago et al. [127], Bazvand et al. [128], Mohan
et al. [109], and Carbajal Mejia [129] reported that propolis mouthwash has antibacterial
properties comparable to those of chlorhexidine (CHX).

Nazeri et al. [103] compared the antibacterial properties of propolis mouthwash with
CHYX, Listerine, and water in a two-week clinical study using laboratory rats. The results
showed that propolis-based mouthwash exhibited superior effectiveness against oral bacte-
ria compared to CHX and Listerine. This finding is consistent with [130] that a 2% propolis
mouthwash is more efficient than 0.12% CHX and maintained its effect for up to 45 days.
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Vasconcelos et al. [131] also showed the positive effect of propolis mouthwash against E.
faecalis, S. mutans, and S. aureus.

Given its antibacterial action, propolis could serve as an efficient alternative to support
the treatment of diseases, particularly those caused by Gram-positive bacteria, and may
also enhance the effectiveness of antibiotic therapy.

4.2.2. Antiparasitic Activity

The antiparasitic activity of propolis from various geographic regions has been eval-
uated against multiple parasite species, including Toxoplasma gondii, Trypanosoma cruzi,
Trypanosoma brucei, Schistosoma mansoni, Trichomonas vaginalis, Giardia duodenalis, G. lamblia,
and the ectoparasitic honeybee mite, Varroa destructor.

T. gondii is an intracellular zoonotic protozoan parasite that causes toxoplasmosis,
considered one of the most common parasitic zoonoses affecting all vertebrates, including
humans and mammals [132]. Barkat et al. [133] and Elmahallawy et al. [134] investigated
the potential effects of propolis, and the combination of propolis with wheat germ oil in the
treatment of chronic toxoplasmosis in Swiss albino mice using the brain squash technique.
These results revealed that propolis reduced and suppressed the multiplication of T. gondii
tachyzoites in a mouse model of chronic toxoplasmosis. These findings are supported
by several previous reports demonstrating that propolis reduced the number of brain
cysts in a rat models of chronic toxoplasmosis [135,136]. Furthermore, other authors [104]
demonstrated the ability of propolis to improve histological structure and suppress T. gondii
tachyzoite multiplication. Variations in parasite load reductions could be attributed to
differences in animal species, treatment protocols, drug dosages, and the geographical
origins of the propolis samples [133,137,138].

Generally, the antiparasitic effects of propolis operate via two mechanisms: directly
on the pathogen and indirectly on the host. In the pathogens, propolis can create a physical
barrier preventing infiltration into the host cells by blocking essential enzymes and proteins
required for invasion [26]. Propolis also disrupts the pathogen’s metabolic processes and
reproduction by affecting vital cellular organelles (Figure 6). As an immunomodulator,
propolis enhances innate immunity, alters inflammatory signaling pathways, and helps
maintain antioxidant status in the host [26,133].

Chagas disease, caused by T. cruzi, is a major public health concern worldwide [139,140].
Sousa et al. [141], Reguera-Neto et al. [112], and Salomao et al. [142] reported the trypanoci-
dal potential of green and red propolis ethanolic extracts using the resazurin reduction assay.
These extracts inhibited parasitic proliferation with ICsy values between 4.3 and 45 pug/mL
without damaging host cells. In vivo studies demonstrated that treating infected mice with
propolis extracts (25-300 mg/kg body weight/day) for 10 days reduced parasitemia and
improved survival without causing liver, muscle, or renal toxicity [142]. Similarly, Dantas
et al. [143] showed that treatment with Bulgarian propolis extract decreased intracellular
amastigote proliferation in T. cruzi-infected skeletal muscle cells.

The antiparasitic activity of a Nigerian propolis extract was evaluated in male albino
rats intraperitoneally infected with T. brucei. Treatment with 400 and 600 mg/kg doses for
five consecutive days significantly reduced parasitemia and increased hematocrit (Hbc)
levels and body weight gain [144].

Silva et al. [145] evaluated the effects of Brazilian red propolis against S. mansoni in
mice infected with immature or adult worms. The propolis extract decreased worm motility
and achieved 100% mortality of adult parasites at 25 pg/mL. It also significantly reduced
worm burden and egg production during both early and chronic infections.

Sena-Lopes et al. [146] demonstrated in vitro that Brazilian red propolis exhibited
effective activity against T. vaginalis, inhibiting its growth with an ICsy value of 100 pg/mL.
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Freitas et al. [147] evaluated the antiparasitic activity of Brazilian propolis extract
against G. duodenalis trophozoites. Propolis inhibited trophozoite growth with an ICsg
value of 125 mg/mL and suppressed parasite adherence.

Alday Provencio et al. [148] tested the antiparasitic potential of Mexican propolis
extracts against G. lamblia, demonstrating a significant inhibition of trophozoite proliferation
and viability.

V. destructor is an ectoparasite that feeds on the fat body and possibly the hemolymph of
honeybees [149], and is considered a major factor in honeybee population decline. [150,151].
Garedew et al. [152] demonstrated the varroacidal activity of German propolis extracts
using calorimetric and Petri dish assays. Similar results were reported for Algerian and
Argentinean propolis samples at 10% concentration, killing 100% of Varroa mites [153,154].
Variability in varroacidal effects is influenced by propolis concentration, contact time,
extraction solvent [152], geographical origin, and honeybee species [41,82,155]. Although
the exact mechanism remains unclear, it is proposed that propolis weakens the mite’s
cuticle, allowing bioactive compounds (phenols and flavonoids) to penetrate [30,156,157]
(Figure 6). Additionally, propolis may strengthen honeybees immunity [158]. In mini-hive
experiments, spraying with 10% ethanolic propolis extract (40-55% ethanol) eliminated
mites without harmless bees [153,154].

4.2.3. Antifungal Activity

Fungal infections are commonly caused by microscopic fungi spread through air, soil,
water, and plants, often leading to major losses in food production and agriculture [30].
With the increasing resistance of fungi to chemical fungicides [159], researchers are seeking
alternative treatments. Many studies have reported the antifungal activity of propolis
against different pathogenic fungi.

Al Ani et al. [101], using a microdilution broth assay, showed that propolis samples
from Ireland and the Czech Republic exhibited strong antifungal activity against clinical
strains of Candida glabrata, C. parapsilosis, and C. tropicalis, with minimum fungicidal con-
centrations (MFC) ranging between 0.1 and 5.0 mg/mL. Ota et al. [160] tested 80 Candida
strains (C. albicans, C. guilliermondii, C. krusei, and C. tropicalis) and observed antifungal
efficacy in the following order: C. albicans > C. tropicalis > C. krusei > C. guilliermondii. Kog
et al. [161] tested propolis against 13 strains of Trichosporon dermatophytes, with MFC values
ranging between 0.0125 and 0.1 pg/mL.

In vitro assays demonstrated that propolis reduced C. albicans infection within human
dentinal tubules [162]. In another study, 105 human teeth exposed to C. albicans for two
days and treated with propolis for five days showed inhibition of 99% of fungal growth,
comparable to 2% CHX [163]. Moreover, Turkish propolis exhibited antifungal activity
similar to chemical fungicides itraconazole and fluconazole against fungal strains isolated
from blood [164].

The fungicidal activity of propolis against various fungal species, including C. albicans,
C. pelliculosa, C. glabrata, and C. famata, has been attributed to the presence of flavonoids,
phenolics, and terpenoids [165,166]. Generally, variations in propolis antifungal activity
can be influenced by regional flora, climate, seasonal factors [167], as well as differences
in the solvent choice, extraction methods, duration, and concentration of bioactive com-
pounds [18].

4.2.4. Antiviral Activity

Viruses are microscopic infectious agents that can only replicate within living host cells
and are responsible for various diseases, including the common cold, influenza, smallpox,
chickenpox, measles, chronic hepatitis, rabies, AIDS, and COVID-19 [168].
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The emergence of these virus infectious diseases has driven researchers to explore
natural products as promising sources for new antiviral treatments. Among these, propolis
is recognized as a rich reservoir of bioactive compounds with potential therapeutic ap-
plications. Numerous studies have described the antiviral properties of propolis using
both in vitro and in vivo models against several virus families [21,169]. Gonzalez-Burquez
et al. [170] reported that propolis inhibited HIV expression in CD4+ lymphocytes and
microglial cell cultures in a concentration-dependent manner. Additionally, Mexican propo-
lis, along with its three purified flavonoids (pinocembrin, naringenin, and quercetin),
was evaluated for antiviral activity against canine distemper virus (CDV) in CCL-81 cells.
Moreover, coumaric acid and kaempferol, active compounds from Brazilian propolis,
demonstrated effectiveness in treating HRV-2, HRV-3, and HRV-4 infections in a HeLa cell
culture model [169].

Schnitzler et al. [171] investigated the effects of aqueous and ethanolic propolis extracts
on herpes simplex virus type 1 (HSV-1) in cell cultures. Their findings revealed that both
extracts significantly inhibited HSV-1 plaque formation by more than 98%. In another study,
the antiviral activity of ethanolic propolis extract was assessed against Varicella zoster virus
(VZV) using a human embryonic lung fibroblast cell line [97]. The results demonstrated
significant antiviral efficacy against this virus in viral suspension, with an ICsy value of
64 png/mL, a 94% decrease in viral infectivity. Using the same virus, Labska et al. [172]
reported that the antiviral activity of propolis was comparable to that of acyclovir.

An in vivo study involving 90 men and women with recurrent chronic genital herpes
simplex virus type 2 (HSV-2) showed that Canadian propolis was more protective than
acyclovir and placebo ointments [173]. The replication of HSV-1 and HSV-2 was signifi-
cantly suppressed in the presence of 25, 50, and 100 ug/mL of Hatay propolis. Moreover, a
synergistic effect between Hatay propolis and acyclovir was observed against both HSV-1
and HSV-2 viruses [174].

Recently, during the global COVID-19 pandemic, several studies evaluated the antivi-
ral efficacy of propolis against coronaviruses. Notably, ethanolic extracts of propolis and
propolis liposomes were shown to inhibit structural proteins of SARS-CoV-2 in vitro and
reduce SARS-CoV-2 infection in Vero E6 cells when used in combination with naringin [175].

To enhance the antiviral potential of propolis, both biotechnological and computa-
tional studies have been developed [176]. For instance, liposomal formulations of propolis
were tested against SARS-CoV-2 3CL protease and S1 spike protein, revealing that CAPE
and rutin exhibited strong binding affinity to both targets. Additionally, the liposomal for-
mulation demonstrated improved antiviral activity compared to standard propolis extract.
RT-PCR analysis confirmed that encapsulating propolis extract in liposomes significantly
increased its ability to inhibit SARS-CoV-2 replication, achieving effects comparable to
those of the antiviral drug remdesivir [177]. Additionally, a study showed that certain
active compounds of Algerian propolis exhibited high activity against SARS-CoV-2 main
proteases, as determined by molecular docking and ADMET profiling [178]. A preclini-
cal study further revealed that COVID-19 patients treated with green Brazilian propolis
experienced faster symptom recovery, while their viral clearance was similar to that of
those receiving standard treatment [175]. The authors suggested that several bioactive
compounds in propolis contribute to its antiviral activity by disrupting the virion envelope
structure or by blocking viral components essential for adsorption and entry into host
cells [171]. Furthermore, it was proposed that propolis inhibits virus entry into host cells
by blocking key receptors such as ACE2 and TMPRSS2, thus offering protection against
viral damage and suppressing replication [169,179]. Additionally, the antiviral potential
of propolis has been linked to the modulation of PAK1 signaling pathways and regula-
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tion of proinflammatory cytokines, including decreases in TNF-alpha, IL-1 beta, and IL-6
levels [179].

Kwon et al. [169] tested several individual bioactive components of propolis against
human rhinoviruses (HRVs) using HeLa cell cultures. Their findings showed that quercetin,
kaempferol, luteolin, and chrysin exhibited more pronounced antiviral effects against HRV-
2, HRV-3, and HRV-4 compared to the reference drug ribavirin. Additionally, p-coumaric
acid and kaempferol demonstrated the ability to inhibit viral infection when administered
during the early stages of inoculation, significantly reducing HRV RNA replication in
HeLa cell culture. Further, Amoros et al. [180] and Bhargava et al. [30] reported that the
synergism between flavonoid compounds may enhance biological activity against various
ailments more effectively than individual compounds.

4.3. Anti-Inflammatory Activity

Inflammation is a normal process of the innate immune response to environmental
changes classified as stress (either exogenous or endogenous), leading to cell or tissue
damage and initiated by physical, chemical, and biochemical factors (e.g., parasites, mi-
croorganisms, endotoxins) [181]. However, when poorly regulated, inflammation can result
in tissue damage and contribute to the development of inflammatory diseases such as
asthma, atherosclerosis, cancer, Alzheimer’s disease, and Parkinsonism [181-183].

According to the literature, propolis has demonstrated significant anti-inflammatory
effects, as evidenced by studies utilizing COX inhibition assays, 5-LOX inhibition assays,
and ELISA-based methods. These highlight its potential as a valuable source of anti-
inflammatory compounds [184]. However, the cellular and molecular mechanisms by
which propolis extracts exhibit an anti-inflammatory activity have not been completely
elucidated [100,185].

The main mechanisms underlying the anti-inflammatory effects of propolis involve
the inhibition of cyclooxygenase (COX) and lipoxygenase (5-LO) enzymes, which sup-
press prostaglandin and nitric oxide biosynthesis. Propolis also inhibits the release of
arachidonic acid from cell membrane and/or its subsequent metabolism. Furthermore,
propolis modulates inflammatory mediators by reducing cytokine levels and exhibiting
immunosuppressive activity [186]. Its free radical scavenging activity helps to prevent
lipid peroxidation and protects cells from damage induced by free radicals and excessive
inflammation [187,188].

These anti-inflammatory properties are largely attributed to the phenolic and flavonoid
compounds in propolis, such as CAPE, pinocembrin, chrysin, kaempferol, ferulic acid,
caffeic acid, and artepillin-C. These components exhibit strong antioxidant activity and
modulate specific inflammation-related signaling pathways [189], including the down-
regulation of adiponectin mediated by TNF-« and the c-Jun N-terminal kinase (JNK)
pathways [186]. They also reduce inflammatory cell infiltration by inhibiting early and late
events of T-cell activation and the subsequent release of cytokines [30,190].

Studies by du Toit et al. [191], Jung et al. [192], Cardenas et al. [193], Zhang et al. [194],
and Santos et al. [195] reported that flavonoids such as apigenin, luteolin, quercetin,
and galangin downregulated inflammatory cytokines, including IL-13, IL-6, and TNF-
«, as well as inflammatory genes such as iNOS, extracellular signal-regulated kinase 1/2
(ERK1/2), and NF-kB. These compounds also inhibit neutrophil migration. Formononetin
has been shown to suppress IL-1f3 activation and cytokine-induced apoptotic signaling
by modulating the Bax/Bcl-2 ratio, inhibiting caspase-3 activity, and reducing NO re-
lease [196,197]. Szliszka et al. [198] demonstrated that artepillin-C can downregulate
inflammatory chemokines such as TNF «, IL-1f3, IL-3, IL-4, IL-5, IL-9, IL-12 p40, IL-13,
IL-17, G-CSF, GMCSE, MCP-1, MIP-1«, and MIP-1§3 by modulating the NF-«B pathway.
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An in vivo study showed that administering a 200 mg/kg dose of Brazilian propolis
extract to mice for 3 days stimulated the innate immunity. This treatment enhanced the
immune response by increasing the expression of toll-like receptors TLR-2 and TLR-4, and
promoting the production of proinflammatory cytokines IL-2 and IL-6 by macrophages and
spleen cells. These effects facilitated microorganism recognition and lymphocyte activation
via antigen-presenting cells [199]. Another study confirmed that topical application of
Mexican propolis extract improved wound healing in mouse skin due to its strong anti-
inflammatory activity [200].

Moreover, the treatment of chronic inflammation in rat models with propolis ex-
tract (50-100 mg/kg/day) significantly reduced the arthritis index, confirming its anti-
inflammatory efficacy [201]. In a multicenter, double-blinded, randomized, placebo-
controlled, parallel-group clinical trial involving 48 patients with rheumatoid arthritis
(RA), administration of 500 mg propolis capsules twice daily for 3 months resulted in
reduced inflammatory cytokines and oxidative stress, along with improved clinical out-
comes. These findings support the need for further trials to evaluate the efficacy of propolis
supplementation in RA patients [202].

4.4. Immunomodulatory Activity

Several studies, conducted both in vitro and in vivo by researchers worldwide, have
highlighted the immunomodulatory effects of propolis [45,203,204]. Chinese propolis
has been shown to enhance phagocytic activity and stimulate both cellular and humoral
immune responses in mice by increasing serum levels of IgG, IL-1f3, IL-4, IL-6, and IFN-y,
as well as promoting splenic lymphocyte proliferation [205]. Another study involving
white Roman chickens examined the effects of Chinese propolis on cyclophosphamide
(CTX)-induced immunosuppression. It demonstrated that propolis could counteract CTX-
induced immunosuppression by significantly enhancing immune organ indexes, promoting
lymphocyte proliferation, and elevating serum levels of IL-2 and IL-6 [206].

Using BALB/c male mice, Orsi et al. [207] demonstrated that propolis enhanced IL-13
production and increased the expression of TLR-2 and TLR-4 in peritoneal macrophages,
while also upregulating IL-1p and IL-6 production in spleen cells.

The immunomodulatory effects of propolis have also been studied in the context of
Paracoccidioides brasiliensis, a common systemic mycosis [208]. Since macrophages play
a crucial role in host defense, their activation by propolis led to enhanced fungicidal
activity [208]. Moreover, Rebougas-Silva et al. [209] evaluated the leishmanicidal and
immunomodulatory properties of Brazilian green propolis extract and a gel formulation
containing propolis, in both in vitro and in vivo models of Leishmania amazonensis infec-
tion. In vitro analysis showed that the propolis reduced the infection index of infected
macrophages and decreased nitric oxide and prostaglandin E2 levels. In vivo studies re-
vealed that a topical gel containing propolis effectively reduced lesion size in the ears of L.
amazonensis-infected BALB/c mice after three or seven weeks of treatment, confirming the
leishmanicidal and immunomodulatory properties of propolis.

Brazilian and Bulgarian propolis extracts stimulated antibody production in rats
immunized with bovine serum albumin, with similar magnitudes observed 15 days post-
immunization [210,211]. Furthermore, Doi et al. [212] demonstrated in wild-type and RAG
2-deficient C57BL/6 mice that treatment with 500 mg/kg/day of ethanol propolis extract
activated NK cell cytotoxicity.

Mojarab et al. [213] explored the adjuvant potential of propolis extracts combined with
a multi-epitope recombinant HIV-1 vaccine in BALB/c mice immunized subcutaneously.
The results showed enhanced lymphocyte proliferation, elevated IL-4 and IFN-y levels,
and increased antibody responses, predominantly of the IgG1 subtype. Additionally, the
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immunostimulatory effects of green Brazilian propolis extract were assessed in combination
with an inactivated SuHV-1 vaccine. The results indicated a significant increase in neutraliz-
ing antibody titers and a higher percentage of protected animals upon infection challenge,
suggesting that additional co-adjuvants were not necessary [214]. In a follow-up study, the
same researchers showed that propolis enhanced cellular immunity by upregulating IFN-y
mRNA expression [215].

The mechanisms underlying the immunomodulatory effects of propolis have been
further elucidated by Magnavacca et al. [216], based on evidence from in vivo and ex vivo
experiments (Figure 7).
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Figure 7. An overview of the immunomodulatory effects by propolis, based on evidence from in vivo
and ex vivo experiments. For details, see text. From: Magnavacca et al. [216].

4.5. Antidiabetic Activity

Diabetes is a prevalent chronic endocrine disease characterized by constant hyper-
glycemia resulting from either insulin deficiency (type 1 DM) or insulin resistance (type
2 DM) [217,218]. In 2021, over 536.6 million individuals worldwide were diagnosed with
diabetes. Oxidative stress and excessive production of ROS are major contributors to the
development of diabetic complications [219,220], resulting in millions of deaths globally.
While various drugs and treatment strategies are used to manage diabetes, many of them
cause side-effects—such as stomach pains or diarrhea—which negatively affect patient
adherence and therapeutic outcomes [221,222].

The enzymes x-amylase and «-glucosidase play crucial roles in glucose absorption
from starch and maltose. Inhibiting x-glucosidase can reduce the hydrolysis of disaccha-
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rides, thereby decreasing glucose absorption in the blood [222]. Thus, natural compounds
that inhibit these enzymes offer potential as antidiabetic agents.

Several in vitro studies have demonstrated the antidiabetic activity of propolis through
ax-amylase and « glucosidase inhibition assays [223-225]. El Adaouia et al. [223] reported
that Turkish ethanolic propolis extract inhibited x-glucosidase and x-amylase with ICsq
values of 40 and 0.62 ug/mL, respectively. This was supported by Alaribe et al. [226]
and El-Guendouz et al. [227], who showed similar effects for Moroccan and Nigerian
propolis on and with ICsy values ranging between 18 and 55 ug/mL (x-amylase) and
2-7.5 ng/mL (x glucosidase). Chinese propolis also demonstrated strong x-glucosidase
inhibition (ICsy = 7.2 pg/mL). Vongsak et al. [228] found that Thailand propolis had high
inhibitory activity with an ICsg of 71 ug/mL, outperforming acarbose (ICsy = 156 pug/mL),
a standard antidiabetic drug.

In streptozotocin (STZ)-induced diabetic rats, Chinese, Brazilian, and Taiwanese
propolis delayed Type-2 diabetes mellitus (T2DM) progression, reduced (-cell failure
severity, and prevented hepatorenal damage by reducing lipid peroxidation and enhancing
antioxidant enzyme activity [229-231].

Propolis from Brazil and Saudi Arabia significantly lowered blood glucose and
MDA levels in diabetic rats while increasing renal and serum levels of GSH, SOD, and
CAT [229,232]. They also reduced IL-6 levels and reduced immunoglobulin concentra-
tions (IgG, IgA, IgM), improving both biochemical and histological diabetic complica-
tions [229,232].

Laaroussi et al. [233] showed that propolis protected against D-glucose-induced T2DM
in rats by lowering fasting blood glucose and HbA1lc levels, plasma insulin concentrations,
and HOMA-IR index, while improving oxidative stress markers in blood, liver, and kid-
neys. These findings align with previous studies reporting reductions in HbAlc (7.4-8.4%)
and total cholesterol levels by 16.6% [234-236]. Similarly, Babatunde et al. [237] and
Mustafa et al. [238] demonstrated that Chinese and Nigerian propolis improved glycaemia,
oxidative stress markers, and protected pancreatic and liver tissues in alloxan-induced
diabetic animals.

In a human study, patients with T2DM received either propolis (300 mg), metformin
(850 mg), or a placebo twice daily for 12 weeks. Both propolis and metformin significantly
reduced FPG, HbA1C, the insulin AUC, and Stumvoll index, while increasing the Matsuda
index [239].

4.6. Wound Healing Activity

The skin is the largest organ of the human body and serves as first line of defense [240].
When in direct contact with the external environment, it is susceptible to various phys-
ical, chemical, and biological stressors, including inflammation and bacterial infections.
These disturbances often require prolonged treatment to achieve complete and effective
healing [240,241].

Natural wound healing is a complex, multistep process comprising a series of biochem-
ical and cellular events that unfold across four sequential stages: hemostasis (coagulation),
inflammation, proliferation of new skin tissue, and remodeling of mature tissue [242,243].

Mast cells play a crucial role in wound healing, being involved in the inflamma-
tory, proliferative, and remodeling phases [204,244-246]. During inflammation, mast
cells release vasoactive mediators—such as histamine, VEGF, interleukins (IL-6 and IL-8),
proteases, TNF-o, and arachidonic acid metabolites [247]—which enhance endothelial
permeability, vasodilation, and promote anticoagulant activity. Mast cells accumulate at the
wound site, where monocytes and neutrophils release inflammatory mediators, followed
by macrophages that facilitate phagocytosis and tissue debridement [241,247,248].
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In the proliferative phase, mast cells interact with keratinocytes to promote their migra-
tion from the basement membrane into the wound. They also stimulate fibroblasts, which
release growth factors essential for tissue regeneration [242,245]. During the remodeling
phase, mast cells support angiogenesis, fibroplasia, and re-epithelialization [249]. Propolis
has long been used in traditional and complementary medicine to treat wounds and ul-
cers, employing various mechanisms that offer therapeutic advantages over conventional
drugs [250].

Notably, propolis has been shown to act on mast cells, which are critical in all stages of
the healing process. Studies have revealed that propolis significantly reduces mast cell num-
bers during the acute phase of infection—more effectively than dexamethasone [251]. By
limiting mast cell proliferation, propolis accelerates healing, reduces inflammation and scar-
ing, and even contributes to keloid formation [252,253]. Its broad-spectrum immunomod-
ulatory [211], antimicrobial [97], antioxidant [254], antiseptic and local anesthetic [243],
analgesic and anti-inflammatory [255] properties all contribute to wound healing [256].

Compared to synthetic antimicrobial agents, propolis offers advantages including
natural origin, high biocompatibility, and plasticizing properties that improve film flexibility
and ease of formulation [25]. Its antimicrobial mechanisms involve disrupting bacterial
membrane permeability, inhibiting protein synthesis, and halting cell division [257].

Regarding its anti-inflammatory effects, research shows that propolis enhances in-
nate immunity and regulates inflammatory signaling pathways [23,26]. It inhibits the
lipoxygenase pathway in arachidonic acid metabolism [57,258], downregulates iNOS gene
expression by targeting its NF-kB promotor site, and directly inhibits iNOS enzymatic
activity. Propolis also promotes tumor growth factor 3 (TGF-(3) signaling, reducing the ex-
pression of matrix metalloproteinases, proinflammatory cytokines, and eicosanoids, while
enhancing Type I collagen deposition [259]. Furthermore, it modulates cellular immune
responses by inhibiting macrophage activation and leukocyte recruitment [260,261].

Propolis extract exhibits antioxidant effects by upregulating antioxidant-related genes
such as heme oxygenase 1 (HO-1), GCLM, and GCLC in damaged tissue [262]. It also
inhibits ROS formation, which limits eicosanoid synthesis, NF-«B activation, inflammatory
cytokine expression, and oxidative damage to DNA, RNA, proteins, carbohydrates, and
lipids [13]. Additionally, propolis boosts immunity by stimulating interferon production by
white blood cells and lymphocytes [22]. These protective effects are attributed to its amino
acids, flavonoids, phenolic acids, terpenes, and vitamins [241,250].

Active compounds in propolis—such as chrysin, kaempferol, and CAPE—have been
found to reduce mast cell numbers and enhance wound healing during the acute inflam-
mation phase [251]. Those compounds inhibit the release of chemical mediators and
inflammatory cytokines, including IL-4, IL-6, and IL-13 [263-266], and suppress histamine
release and the production of other proinflammatory mediators [265-268].

Wound healing indicators include collagen deposition, fibrosis, angiogenesis, and
infiltration of polymorphonuclear neutrophils. Propolis has been shown to reduce post-
healing scarring, enhance wound contraction, shorten healing time [269], and stimulate
fibroblast-driven repair by promoting skin cell proliferation, activation, and growth [270].
It also fosters a biochemical environment conducive to re-epithelization [271,272]. Balderas-
Cordero et al. [200] reported that propolis can prevent infection, reduce wound contraction
time, limit excessive inflammation, and promote the transition from type III to type I
collagen—thereby improving tensile strength and accelerating wound closure. Figure 8
summarizes the mechanisms by which propolis facilitates wound healing, as illustrated by
Yang et al. [241].
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Figure 8. An overview of the wound healing effects of propolis. For detailed mechanisms and
supporting evidence, see the main text. Adapted from Yang et al. [241].

Many authors have demonstrated the high therapeutic efficacy of propolis in various
wound types, including burns, diabetes ulcers, oral ulcers, and venous ulcers [273]. In rat
model experiments, propolis from different regions of the world was shown to accelerate
wound healing across multiple stages of tissue repair, primarily by stimulating keratinocyte
proliferation [241,271,274]. This wound healing effect was found to be superior to that of
silver sulfadiazine, based on wound healing index scores [275,276].

The effectiveness of propolis in preventing and treating venous ulcers has also been
confirmed. In a double blind, randomized clinical trial involving 56 patients with venous
leg ulcers, wound healing time was significantly reduced in the propolis-treated group,
with complete healing observed by the sixth week [277].

For oral ulcers, the daily administration of 500 mg of propolis over a 6-month period
effectively reduced the recurrence of recurrent oral ulcers and improved patients” quality
of life [278].

Regarding diabetic foot ulcers, studies using a type I diabetic mouse model showed
that local application of propolis accelerated wound healing and closure. This was achieved
through increased production and deposition of type I collagen, reduction in matrix, and
decreased inflammation [279].

Clinical trials investigating topical propolis treatment for diabetic foot ulcers revealed
that 5% propolis ointment reduced mast cell and neutrophil counts, thereby accelerating
tissue regeneration and wound healing [280]. Complete healing of ulcerated areas was
observed within 3-7 weeks [281]. Furthermore, Moghtady Khorasgani et al. [276] reported
that propolis cream enhanced dermal tissue healing and reduced inflammation more
efficiently than silver sulfadiazine.

Another double blind randomized clinical trial evaluated the use of propolis as an
adjuvant in diabetic foot ulcers treatment. Results confirmed that propolis promoted
wound healing and modulated local inflammation by reducing inflammatory cytokines
like TNF-« and increasing anti-inflammatory cytokines such as IL-10 [282,283].
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Several studies also demonstrated that propolis accelerates healing of burn wounds
by remodeling the extracellular matrix, preventing cell necrosis, and reducing lipid peroxi-
dation [253]. Its antioxidant activity supports its use as a promising agent in burn wound
management [284-287]. In burn wounds, free radical concentrations were lower in propolis-
treated sites compared to those treated with silver sulfadiazine [253,279]. Comparative
studies by da Rosa et al. [283], Olczyk et al. [288], and Kapare et al. [269] assessed the
effectiveness of propolis against silver sulfadiazine and povidone iodine ointment USP
(Cipladine®®) for burn treatment. The findings confirmed that propolis treatment signifi-
cantly reduced adhesion protein content, stimulated faster wound healing through collagen
deposition, epithelial regeneration, and neovascularization, and decreased inflammation,
highlighting its therapeutic potential [289].

An in vivo study in pigs [290], where 72 contact burns were induced, showed that
propolis ointment enhanced the rate of collagen extraction more than other preparations.
The expression of collagen and its components increased significantly, promoting faster
tissue repair [290]. In another in vivo study in rats [291] treated with 5% propolis daily
after sustaining second-degree burns on the neck, propolis accelerated tissue repair and
reduced local inflammation, demonstrating its successful application in burn healing [291].

4.7. Anticancer Activity

Cancer is a major public health concern, with increasing incidence, prevalence, and
mortality rates projected for the coming years [292]. It is characterized by uncontrolled
cell proliferation and is recognized as a highly heterogeneous and complex disease [30].
Recent studies have highlighted a strong correlation between aging and cancer, as crit-
ical tumor suppressor mechanisms regulating the cell cycle are often lost or rendered
inactive in cancerous cells [182]. Consequently, aging is considered a pro-tumorigenic
state, contributing to cancer progression through physiological changes triggered by stress,
DNA damage, and inflammation [29,182]. Current chemotherapeutic and radiotherapeutic
treatments are not only highly expensive but associated with significant toxicity and side-
effects, including hormonal imbalances, immunosuppression, fatigue, hair loss, and nausea.
Moreover, the increasing incidence of drug resistance poses a further challenge to their
effectiveness [293-296]. In light of this, the search for new, naturally derived compounds
with anticancer activity and fewer side-effects has intensified in recent years [297,298].

Propolis, historically used for medicinal purposes [167], possesses various biological
properties, including antimicrobial, anti-inflammatory, regenerative, immunomodulatory,
antioxidant, and antimutagenic effects [7,97,299-301]. One of the most extensively studied
attributes of propolis is its anticancer effects [302-306]. In this context, propolis and its
active compounds have shown promise as adjuncts in cancer treatment and prevention.

Numerous in vitro studies have demonstrated the anticancer activity of propolis from
various global regions against multiple cancer cell lines, including human breast cancer
(MDA-MB-231, MCF-7, SK-BR-3), bladder cancer (T24), colon cancer (HCT116), embryonic
kidney (HEK293), prostate cancer (PC3), ovarian cancer (OVCAR-3), leukemia (K-562),
gastric cancer (SGC-7901), lung cancer (A549), liver cancer (HepG2), and pancreatic cancer
(PANC1) [307-310].

The MTT assay, a commonly used method to assess cellular metabolic activity and cyto-
toxicity, has confirmed the antiproliferative effects of propolis. Results from flow cytometry
have shown that propolis induces apoptosis in a dose-dependent manner [311-316].

Although the precise mechanisms behind propolis’s anticarcinogenic effects are not
fully understood, several studies suggest multiple pathways are involved. These include
apoptosis activation [317-319], cell cycle regulation [320], immunomodulation [199,321],
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inhibition of cancer cell migration and invasion [322-324], and overcoming drug resis-
tance [325].

Apoptotic effects are mediated via both intrinsic (mitochondrial) and extrinsic (death
receptor) pathways, involving increased levels of pro-apoptotic proteins such as p21, Bax,
and various phosphorylated forms of p53 (Ser46, Ser15) [29,304]. Intrinsic apoptosis can
be triggered by DNA fragmentation, cytokine depletion, or endoplasmic reticulum stress,
activating caspases 3 and 7 [326,327]. The extrinsic pathway begins with activation of death
receptors on the cell membrane [328]. Additionally, propolis causes cell cycle arrest at
various phases (S, G1, G2/M, G0/G1), increases intracellular ROS levels, and disrupts mito-
chondrial membrane potential [326,329-331]. The inflammatory tumor microenvironment
plays a key role in cancer progression. Toll-like receptor 4 (TLR4), a critical component of
innate immunity, is often dysregulated in cancer, contributing to inflammation, enhanced
cell proliferation, and inhibition of apoptosis [332]. Propolis has been shown to stimu-
late the immune system [333] and inhibit TLR4 signaling, thereby suppressing tumor cell
growth [328].

Propolis also exhibits anti-angiogenic effects by interfering with vascular endothelial
growth factor (VEGF)-induced vascularization. It inhibits the STAT3 signaling pathway
and downregulates MMP-2 and MMP-9, leading to decreased activation of JNK-1 and
HIF-1«, thereby reducing angiogenesis and tumor growth [1].

Numerous studies also confirm that propolis inhibits cancer cell migration and inva-
sion in various cancer types, including breast cancer (MCEF-7, MDA-MB-231), glioblastoma
(U87MGQG), prostate cancer (DU145, PC3), osteosarcoma (U20S), fibrosarcoma (HT1080),
colorectal cancer (HT-29, LoVo), and lung cancer (A549) [29]. These effects are attributed
to modulation of MAPK and PI3K/AKT signaling pathways [334-336]. Notably, propolis
samples from different global sources have demonstrated anticancer activity with ICsg
values below 30 pug/mL, a threshold recognized by the U.S. National Cancer Institute as
indicating strong cytotoxic potential [337]. Remarkably, propolis has also shown efficacy
against cells resistant to standard chemotherapeutic agents [338-340].

The antitumor properties of propolis are primarily attributed to its rich composition of
flavonoids and phenolic acids. Bioactive compounds such as CAPE, caffeic acid, apigenin,
quercetin, genistein, rutin, p-coumaric acid, ferulic acid, kaempferol, naringenin, artepillin
C, baccharin, drupanin, cinnamic acid derivatives, prenylated p-coumaric acids, clerodane
terpenes, and benzofurans contribute to its anticancer activity [341,342].

Specifically, CAPE inhibits cell proliferation [343] via suppression of p70S6K in the
PIBK/AKT pathway [29], induces S-phase arrest and apoptosis [344,345], inhibits migra-
tion in MCE-7 and MDA-MB-231 cells, increases LC3-11, and reduces p62 expression to
induce autophagy [346]. Chrysin promotes cell cycle arrest and apoptosis via the mi-
tochondrial pathway and enhances ROS production, cytoplasmic Ca®* levels, and lipid
peroxidation [347-349]. Galangin exerts anticancer effects through multiple signaling path-
ways and cell cycle arrest [350-353]. Artepillin C (ARC) shows potent in vitro and in vivo
cytotoxicity, inhibiting migration, metastasis, angiogenesis, and matrix metalloproteinase
activity [318,354,355]. Apigenin also induces apoptosis and cell cycle arrest [317,356],
while cinnamic acid demonstrates antiproliferative activity [308]. In summary, the strong
anticancer activity of propolis is believed to result from the synergistic effects and high
bioavailability of these phenolic and flavonoid compounds [203,286,297,357-359].

Animal studies have confirmed these findings. For example, Benguedouar et al. [351]
and Carvalho et al. [360] showed that propolis significantly reduced tumor growth and
invasiveness in mice. Inoue et al. [361] found that daily administration of 1400 mg/kg body
weight of propolis in mice significantly inhibited tumor growth without toxic effects.
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Another in vivo study in rats demonstrated that dietary propolis normalized ele-
vated lactate dehydrogenase (LDH) and transaminase levels induced by MNU, while also
boosting antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GPx) [362].

In a randomized, double-blind clinical trial involving breast cancer patients under-
going chemotherapy, propolis was shown to exert antioxidant and anti-inflammatory
effects [363]. It reduced biomarkers of oxidative stress (carbonyl) and proinflammatory
cytokines (TNF-c, IL-2). Propolis also mitigated chemotherapy-induced side effects and
enabled higher dosage tolerance [342,364]. Dogan et al. [14] suggested that propolis, in
synergy with anticancer agents, enhanced therapeutic efficacy in leukocytes, liver, and
kidneys in a dose-dependent manner and reduced the toxicity of radiation and chemother-
apeutic treatments.

5. Examples of Paramedical Products Based on Propolis

Given the well-documented beneficial effects of propolis, new methods of adminis-
tration are continually being explored and have been the focus of recent drug screening
and formulation studies [365-367]. In contemporary applications, propolis is incorporated
into a variety of products, including throat sprays, skincare formulations, and dietary
supplements. Alghutaimel et al. [368] illustrated the diverse preparations and forms of
propolis used in paramedical applications (Figure 9).

e  Propolis is available in multiple forms, such as tinctures, capsules, sprays, and topical
creams. For example, Beelife offers a Green Propolis Extract derived from Brazilian
field rosemary, known for its high levels of artepillin-C, a phenolic acid associated
with health benefits.
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Figure 9. Schematic illustration of different preparations and forms of propolis used in the paramedi-
cal field. For details, see text. From: Alghutaimel et al. [368].
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In the medical field, the effectiveness of propolis has been investigated with varying
degrees of success for the management of various diseases:

e  Beekeeper’s Naturals offers a Propolis Throat Spray aimed at supporting immune
health and soothing sore throats. Propolis contains compounds like flavonoids and
phenolic acids, which exhibit anti-inflammatory and antimicrobial properties, provid-
ing relief from throat irritation and boosting the body’s defense mechanisms against
infections [216,369].

e Inskincare, propolis is valued for its potential to promote wound healing, reduce acne,
and provide antioxidant benefits, making it a popular ingredient in serums and creams.
Its antimicrobial and anti-inflammatory properties make it effective for both minor
wounds and acne outbreaks. In wound care, propolis accelerates tissue regeneration
and reduces infection rates, making it a common component in ointments and creams
for cuts, burns, and skin abrasions. Similarly, its antimicrobial effects help prevent the
growth of acne-causing bacteria, while its anti-inflammatory properties reduce redness
and swelling, promoting faster healing of acne lesions. Propolis extracts have been
shown to be particularly effective in treating inflammatory acne and are frequently
included in acne treatment serums, gels, and creams [283].

e In dentistry, the antimicrobial effects on oral pathogens, as well as the anti-
inflammatory activity of propolis, lead to its use for treating aphthous stomatitis,
oral mucositis, acute necrotizing ulcerative gingivitis, pulpitis, gingivitis, and peri-
odontitis. Propolis can be found in toothpaste, mouthwashes, and lozenges, aimed at
improving oral hygiene and reducing inflammation and discomfort in the mouth [368].

e Inulcer diseases, propolis may serve as a successful anti-ulcerogenic agent, contribut-
ing to the development of novel phytotherapeutic approaches for treating gastric
ulcers. Research has indicated that propolis exerts an anti-ulcerogenic effect by reduc-
ing gastric acid secretion and enhancing mucosal defense [370-372].

e  Propolis has been used in veterinary care for treating wounds and infections in animals,
as well as enhancing immune responses, although more clinical validation is needed.

e  While propolis shows promise in various applications, scientific research on its ef-
fectiveness and safety is ongoing [366,373,374]. Individuals with allergies to bee
products should exercise caution and consult with a healthcare professional before
using propolis-based products.

6. Conclusions and Future Perspectives

In conclusion, propolis is a resinous substance produced by honeybees and has gar-
nered significant attention due to its complex composition and diverse biological activities.
This review paper presents the hotspots and frontiers of the past 25 years on propolis,
delving into its chemical makeup, associated biological functions, current applications, and
future prospects.

On the chemical composition, propolis is highly variable, influenced by factors such
as geographical location, local flora and bee species, and these can be related to each other.
Generally, it comprises resins and vegetable balsams (50%), waxes (30%), essential oils
(10%), and pollen (5%). Key constituents include flavonoids, phenolic acids, and their
esters, which are primarily responsible for its biological activities. For instance, chrysin, a
dihydroxyflavone found in propolis, contributes to its antioxidant properties.

Propolis exhibits a wide range of biological activities, including the following:

e  Antimicrobial: Effective against various bacteria, fungi, and viruses, owing to its rich
content of flavonoids and phenolics.

e Antioxidant: The presence of polyphenols enables propolis to neutralize free radicals,
protecting cells from oxidative stress.



Life 2025, 15, 764 27 of 44

e  Anti-inflammatory: Propolis can modulate inflammatory responses, making it benefi-
cial for managing conditions associated with inflammation.

e Immuno-modulatory: Propolis can enhance immune system activity, potentially aiding
in the prevention of certain infections.

On current applications, propolis is incorporated into various products across multi-
ple industries:

e  Healthcare: Utilized throat sprays, lozenges, and supplements for its antimicrobial
and soothing properties. For example, Beekeeper’s Naturals offers a Propolis Throat
Spray aimed at supporting immune health.

e  Skincare: Valued for its potential to promote wound healing, reduce acne, and provide
antioxidant benefits, propolis is a popular ingredient in serums and creams.

e  Veterinary medicine: Employed in products designed to enhance animal health due to
its antimicrobial and healing properties.

While propolis demonstrates promising therapeutic potential, several considerations
are essential for its future use:

e Standardization: The variability in propolis composition necessitates standardized
extraction and formulation methods to ensure consistent efficacy and safety.

e  Clinical research: Robust clinical trials are required to substantiate the therapeutic
claims of propolis and fully understand its mechanisms of action.

e  Regulatory frameworks: Establishing clear guidelines will facilitate the safe integration
of propolis into mainstream healthcare and consumer products.

In summary, propolis stands out as a multifaceted natural product with a broad
spectrum of biological activities. Ongoing research and development are poised to unlock
its full potential, paving the way for innovative applications in health and wellness.
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