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Abstract: Honey and other bee products, including propolis, royal jelly, and bee pollen,
are widely recognized for their medicinal properties. Among their numerous biological
activities, their anti-inflammatory and immunomodulatory effects have gained significant
attention in recent years. Immune and inflammatory disorders contribute significantly
to the development of chronic conditions, including cancer and diabetes. Bee-derived
products, along with their bioactive compounds such as polyphenols, have shown promis-
ing therapeutic effects in modulating inflammatory mediators. Studies indicate that these
products help regulate tumor necrosis factor-alpha (TNF-o), interleukin-1 beta (IL-1f3),
and interleukin-6 (IL-6), and interleukin-7 (IL-7) levels while reducing reactive oxygen
species (ROS) production. Additionally, both in vitro and in vivo research, along with
clinical studies, highlight their role in enhancing immune responses by activating B and
T lymphocytes. This review explores the molecular mechanisms underlying these prop-
erties, emphasizing the role of bioactive compounds such as flavonoids, phenolic acids,
and proteins in modulating immune responses and reducing inflammation. Evidence
from in vitro, in vivo, and clinical studies suggests that honey and bee products influence
cytokine production, regulate immune cell activity, and mitigate oxidative stress, making
them potential therapeutic agents for inflammatory and immune-related disorders. To
gather relevant information, databases such as Google Scholar, PubMed, and ScienceDirect
were searched using various keyword combinations, including immunomodulatory, anti-
inflammatory, bee products, honey, propolis, royal jelly, bee venom, and bee pollen. Given
their anti-inflammatory, immune-protective, antioxidant, anti-apoptotic, and antimicrobial
properties, bee products remain a subject of interest for further clinical evaluation.
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1. Introduction

Inflammation is a fundamental biological response triggered by injury or infection,
acting as a universal mechanism to address tissue disturbances and initiate repair [1,2].
This complex process involves distinct vascular changes that result in swelling and the
subsequent recruitment of white blood cells to the affected area, forming an inflammatory
site [3]. The primary objective of inflammation is to identify and eliminate harmful agents
while promoting tissue healing and regeneration [4].

Cytokines, which are signaling proteins, play a pivotal role in orchestrating the inflam-
matory response. These molecules are classified into pro-inflammatory cytokines, which
amplify inflammation, and anti-inflammatory cytokines, which help regulate and resolve
it [5]. Persistent or chronic inflammation has been linked to a wide range of diseases,
including atherosclerosis, myocardial infarction, asthma, diabetes, psoriasis, osteoporosis,

Immuno 2025, 5, 19

https://doi.org/10.3390/immuno5020019


https://doi.org/10.3390/immuno5020019
https://doi.org/10.3390/immuno5020019
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/immuno
https://www.mdpi.com
https://orcid.org/0000-0003-4052-2279
https://doi.org/10.3390/immuno5020019
https://www.mdpi.com/article/10.3390/immuno5020019?type=check_update&version=1

Immuno 2025, 5, 19

20f21

hypertension associated with angiotensin II, tumor progression, and cardiovascular disease
(CVD) [1,2,6,7]. Among these conditions, CVD remains one of the most significant global
health concerns, contributing to high rates of morbidity and mortality. It encompasses
disorders such as hypertension, coronary artery disease, peripheral vascular disease, heart
failure, and various cardiomyopathies [6,7].

Natural anti-inflammatory agents, including dietary components, have gained atten-
tion for their potential in modulating inflammatory responses. Among these, honey has
been widely recognized for its medicinal properties, exhibiting both anti-inflammatory and
antioxidant activities (Figure 1). Its bioactive components, particularly phenolic compounds
and flavonoids, contribute to the downregulation of pro-inflammatory cytokines while
supporting tissue repair and immune regulation. It is important to note the distinction
between immunomodulation and immunostimulation, as the terms are not interchangeable.
Immunomodulation refers to the balanced regulation of immune function, including both
upregulation and suppression of immune activity, to maintain homeostasis. Immunos-
timulation, in contrast, specifically involves enhancing or activating immune responses.
This differentiation is clinically significant—while immunostimulation may be beneficial in
combating infections or cancer, immunomodulation is particularly relevant for managing
chronic inflammation, autoimmune diseases, and tissue repair, where excessive immune ac-
tivation can be harmful. Studies suggest that honey’s ability to reduce oxidative stress and
inflammation makes it a promising therapeutic option for managing chronic inflammatory
conditions, including CVD (Figures 1 and 2) [8].
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Figure 1. Properties of honey bee products.
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Figure 2. Honey bee products and their medical uses.

The diverse medicinal benefits of honey can be attributed to its complex composition,
which varies depending on its botanical source. Produced by bees from the nectar of
various plant flowers, honey contains a rich array of nutritional and bioactive compounds
that modern science continues to explore. While carbohydrates make up approximately
80-85% of its dry weight, honey also includes organic acids, proteins, amino acids, minerals,
polyphenols, vitamins, and aromatic compounds. These components, influenced by floral
origin, contribute to honey’s therapeutic effects, reinforcing its role as a natural remedy
with both nutritional and medicinal value [9].

In the Arab-Islamic medical tradition, honey has long been valued for its healing
properties, particularly in treating wounds. Rhazes (AD 864-932) recommended honey-
based ointments for skin conditions and nerve injuries, as well as honey water for bladder
wounds. His influential medical encyclopedia, Al Hawi, emphasized honey’s benefits for
oral health, suggesting a honey-vinegar mixture for daily mouthwash to strengthen gums
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and whiten teeth. He also noted honey’s preservative qualities, even for cadavers. Similarly,
Avicenna (AD 980-1037) praised honey for promoting longevity and vitality, recommending
its consumption after age 45, especially with chestnut powder. He advocated using honey
mixed with flour as a wound dressing and honey with rose petals for lung diseases and
early stage tuberculosis. Additionally, Avicenna suggested honey as a natural remedy for
insomnia. Both scholars contributed to honey’s reputation as a medicinal staple in Islamic
and global medical traditions. Their writings influenced medical practices for centuries,
shaping the understanding of honey’s therapeutic potential [10].

Scientific research over the past four decades has reinforced honey’s effectiveness in
treating wounds, burns, and infections (Figure 1) [11]. This renewed interest in honey’s
medicinal properties has been fueled by the rise in drug-resistant infections [12]. Studies
indicate that honey possesses antimicrobial properties, and some clinical case reports
show that applying honey to infected wounds aids in clearing infections and promoting
tissue repair [13]. The antibacterial effects of honey are attributed to its physicochemical
properties, including osmotic effects and pH [14,15]. Research also suggests that honey
may have anti-inflammatory properties and enhance immune responses, which contribute
to reducing infections and accelerating wound healing in burns, ulcers, and other skin
injuries [13]. Manuka honey, derived from the Leptospermum tree species in New Zealand
and Australia, has attracted attention due to its antibacterial activity, which is independent
of hydrogen peroxide effects and osmolarity. Certain types of honey, including Medihoney
and Active Manuka honey, have been approved for therapeutic use [16].

Unlike conventional antibiotics that target bacterial cell walls or metabolic pathways,
honey has been shown to inhibit approximately 60 bacterial species, including both aerobic
and anaerobic, Gram-positive and Gram-negative bacteria [17]. Several studies also report
honey’s antifungal activity against yeasts, Aspergillus, Penicillium, and common dermato-
phytes [17]. Its hygroscopic nature enables honey to draw moisture from the environment,
dehydrating bacterial cells. Additionally, its high sugar concentration inhibits microbial
growth; yet, even when diluted, honey maintains significant antibacterial properties. While
over 100 compounds have been proposed to contribute to these effects, including hydrogen
peroxide, methylglyoxal, polyphenols, and defensin-1, identifying the precise active ingre-
dients and their synergistic roles remains an area of ongoing investigation. Recent studies
have provided more detailed insights into the complex composition and mechanisms un-
derpinning honey’s antimicrobial properties, highlighting key bioactive compounds and
their potential therapeutic applications [18].

The antibacterial potency of honey varies significantly based on its floral source and
processing methods, sometimes by as much as 100-fold. Historical figures such as Aristotle,
Dioscorides, and Arab-Islamic physicians recognized that honey from specific regions
and seasons could be more effective in treating particular ailments. Modern scientific
research has confirmed that honey exhibits selective antimicrobial activity, with some
bacterial strains being more sensitive than others. For clinical applications, honey should
be evaluated in laboratories to determine its antibacterial strength. Staphylococcus aureus is
among the bacterial species most susceptible to honey’s antibacterial effects [14,15,18,19].

Oxidative stress results from an imbalance between free radical production and an-
tioxidant defenses, contributing to chronic diseases [20]. Honey has been identified as a
source of significant antioxidant activity, containing compounds such as glucose oxidase,
catalase, ascorbic acid, flavonoids, phenolic acids, carotenoids, organic acids, and amino
acids [8,9,19,20].
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2. Composition and Bioactive Compounds of Honey and Bee Products

Honey and other bee products possess a complex and diverse chemical composition
that contributes to their health beneficial and therapeutic properties. Their therapeutic
potential is largely attributed to the presence of essential nutrients, bioactive compounds,
and natural antioxidants, which vary depending on the botanical and geographical ori-
gins [8,9,21].

Honey is primarily composed of carbohydrates, making up approximately 75-80% of
its total content. The dominant sugars include fructose (38%) and glucose (31%), which
provide honey’s natural sweetness and energy value. Other minor sugars, such as maltose
and sucrose, contribute to its physicochemical properties [9]. Apart from sugars, honey
contains water (15-20%), proteins, amino acids, organic acids, vitamins, and minerals. En-
zymes such as glucose oxidase and catalase contribute to honey’s antimicrobial properties
by producing hydrogen peroxide and breaking down harmful oxidants. Organic acids,
including gluconic, citric, and malic acids, not only provide honey’s characteristic acidity
(pH 3.2-4.5) but also enhance its preservative and antibacterial effects. The vitamin content
of honey includes vitamin C, B-complex vitamins (B1, B2, B6, B3, B5), and small amounts
of folic acid. These vitamins contribute to honey’s antioxidant and immune-boosting prop-
erties. Essential minerals such as potassium, calcium, magnesium, iron, and zinc are also
found in honey, further enhancing its nutritional and therapeutic profile [8,9,21].

The biological activity of honey and bee products is primarily attributed to their
polyphenolic content. Polyphenols, including flavonoids and phenolic acids, play a crucial
role in honey’s antioxidant, anti-inflammatory, and antimicrobial activities [22]. Flavonoids,
such as quercetin, kaempferol, apigenin, and luteolin, are potent antioxidants that help
neutralize free radicals, reducing oxidative stress and inflammation [22]. These compounds
have also been shown to modulate immune responses by regulating cytokine production.
Phenolic acids, including gallic acid, ferulic acid, and caffeic acid, further contribute to
honey’s anti-inflammatory effects by inhibiting pro-inflammatory mediators [8,9,22].

The composition and bioactivity of honey vary significantly depending on the floral
source from which it is derived. Different plant nectars contribute distinct polyphenol
profiles, influencing honey’s therapeutic properties [21,22]. For example, manuka honey
from Leptospermum species is known for its high levels of methylglyoxal (MGO), which
exhibits strong antibacterial activity independent of hydrogen peroxide. Similarly, buck-
wheat honey is rich in phenolic acids, contributing to its superior antioxidant capacity [23].
Regional and environmental factors, such as soil composition, climate, and beekeeping
practices, further impact honey’s nutrient content and bioactive profile. Raw, unprocessed
honey tends to retain a higher concentration of bioactive compounds compared to commer-
cially processed honey, which may undergo heat treatment and filtration that reduce its
polyphenol content [21,22].

Overall, the diverse composition of honey and bee products underscores their potential
as natural therapeutic agents. Their bioactive compounds contribute to a range of health
benefits, including anti-inflammatory, antioxidant, and antimicrobial effects, making them
valuable in both traditional and modern medicine.

3. Anti-Inflammatory Properties

Honey and other bee products, such as propolis and royal jelly, exhibit potent effects
through multiple mechanisms. These products contain bioactive compounds, including
flavonoids, phenolic acids, and enzymes, which modulate inflammatory pathways (Ta-
ble 1) [24]. Honey suppresses the activation of nuclear factor kappa B (NF-«B) and mitogen-
activated protein kinase (MAPK) signaling pathways, leading to reduced inflammation [24].
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Additionally, bee products enhance the production of anti-inflammatory mediators such as
interleukin-10 (IL-10) while inhibiting pro-inflammatory responses (Figure 3) [25].
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Figure 3. Illustrates the shared anti-inflammatory, immunomodulatory (involving both immunostim-
ulatory and immunosuppressive responses), and antioxidant properties of bee products, including
honey, propolis, and royal jelly. These effects are mediated through components such as SOD (su-
peroxide dismutase), GPx (glutathione peroxidase), and GRx (glutaredoxins), which act collectively
against oxidative and inflammatory stressors like ROS (reactive oxygen species) and NO (nitric oxide).

A key aspect of honey’s anti-inflammatory action is its ability to regulate the expression
of inflammatory cytokines. Studies indicate that honey and its components downregulate
TNF-«, IL-1$3, and IL-6, all of which play a crucial role in the inflammatory response [24,25].
Propolis, rich in caffeic acid phenethyl ester, has been shown to inhibit cytokine release from
macrophages, thereby reducing systemic inflammation. Royal jelly also modulates immune
cell activity, decreasing cytokine overproduction and promoting immune balance [24,25].

Studies have highlighted honey’s anti-inflammatory effects on immune cells. Research
indicates that various commercial honeys can inhibit thrombin-induced oxidative respi-
ratory bursts in human neutrophils and rodent peritoneal macrophages [26]. Similarly,
another study demonstrated a significant, dose-dependent decrease in superoxide produc-
tion by human neutrophils after exposure to three types of New Zealand honey—rewarewa,
manuka, and kanuka [26]. Consistent with these findings, both pasture and manuka hon-
eys exhibit strong antioxidant potential, with manuka honey demonstrating rapid free
radical scavenging activity [27]. While methyl syringate, a compound particularly abun-
dant in manuka honey, has been associated with this activity [28], it is important to note
that honey’s antioxidant properties arise from a diverse array of bioactive compounds—
including flavonoids, phenolic acids, enzymes, and vitamins—present in various types of
honey. At a concentration of 400 ug/mL, manuka honey has also been shown to signifi-
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cantly inhibit TNF-o production by neutrophils [29]. However, encapsulation of manuka
honey in alpha-cyclodextrin molecules reduces this bioactivity, suggesting that converting
it into a cyclodextrin-based powder may diminish its anti-inflammatory effects [29].

The mechanisms underlying the anti-inflammatory effects of manuka honey have
recently been explored. Research found that manuka honey treatment in LPS-induced
RAW264.7 macrophages reduced cellular toxicity and enhanced cell viability. This improve-
ment was linked to decreased ROS and nitrite accumulation, as well as the inhibition of
cellular apoptosis [30]. Additionally, manuka honey was shown to suppress the TLR4/NF-
kB signaling pathway, leading to lower secretion levels of key pro-inflammatory cytokines,
including TNF-«, IL-1$3, and IL-6 [30]. Comparable results were also observed in studies
investigating Brazilian stingless bee honey [31].

Chronic inflammation is known to contribute to cancer development by disrupting
normal tissue healing processes. This response is mediated by several pro-inflammatory
cytokines and enzymes, among which cyclooxygenase-2 (COX-2) is particularly significant.
COX-2 is involved in the conversion of arachidonic acid into prostaglandins—molecules
implicated in both inflammation and tumor progression—and is frequently overexpressed in
a variety of cancers [32-34]. The anti-inflammatory properties of honey are largely attributed
to its rich content of phenolic compounds and flavonoids, which have been reported to
inhibit the activity of COX-2 and inducible nitric oxide synthase (iNOS), thus contributing
to an anti-inflammatory effect [33,35,36]. Studies on Malaysian honey have shown that its
flavonoid and phenolic acid components possess both anti-inflammatory and cytoprotective
capabilities [37]. For instance, in vitro experiments have demonstrated that honey extracts
reduce nitric oxide (NO) production in activated RAW264.7 macrophages and protect these
cells against cytotoxicity induced by tumor necrosis factor-alpha (TNF-x). This protective
mechanism may be linked to the antioxidant effects of honey flavonoids [38], or to their
ability to upregulate cytoprotective enzymes like heme oxygenase-1 (HO-1) [39,40]. Overall,
the biological activity of honey-derived compounds appears to vary with concentration, cell
type, and experimental conditions, resulting in either pro- or anti-inflammatory outcomes.

Mihajlovic et al. [41] demonstrated through both in vitro and in vivo experiments that
active components found in honey and other bee products possess strong anti-inflammatory
and immunomodulatory properties. One of these components, 10-hydroxydecenoic acid
(10-HDA)—a medium-chain fatty acid (C8-C12) present in royal jelly—was shown to
influence immune responses in a concentration-dependent fashion. Specifically, 10-HDA
inhibited the maturation of dendritic cells derived from human monocytes that had been
stimulated with lipopolysaccharides (LPS) and also reduced the production of inflammatory
cytokines such as IL-8, IL-12, and TNF-o. Moreover, it downregulated both Th1l and Th2
immune pathways, leading to a decrease in helper T cells and monocyte-derived dendritic
cells [41]. Bee venom and melittin have also been studied for their potential to suppress
excessive immune activity and inflammation in experimental models; however, caution is
warranted due to melittin’s cytotoxic nature [42]. The bacterium Porphyromonas gingivalis,
along with its LPS (PgLPS), plays a role in periodontal disease, and bee venom has been
observed to counteract the pro-inflammatory cytokines IFN-y, IL-13, IL-6, IL-8, and TNF-o
by inhibiting the activation of NF-«B and AP-1 pathways in HaCaT keratinocyte cells under
in vitro conditions [43]. Additionally, a polysaccharide derived from Chinese wolfberry bee
pollen demonstrated immunomodulatory effects on RAW?264.7 macrophages, as evidenced
by reductions in IL-1, IL-6, TNF-«, and nitric oxide production [44]. The topical use of
propolis was found to promote wound healing in a type I diabetes mouse model (induced
by streptozotocin), likely due to lowered levels of pro-inflammatory cytokines such as IL-6,
IL-1B, and TNF-«, as well as enhanced collagen synthesis mediated by TGF-f1 signaling
through Smad2 and Smad3 activation [45]. Collectively, these findings suggest that bee-



Immuno 2025, 5, 19

8 of 21

derived products exert anti-inflammatory and immunoregulatory effects by decreasing
cytokine production (including IFN-y, IL-1, IL-6, IL-8, and TNF-o), modulating signaling
cascades, and influencing the function of B and T lymphocytes.

Propolis is a naturally found product obtained by bees from the diversity of plant
resins, and it is one of the richest sources of polyphenols. For many years, propolis has
gained substantial attention in providing a broad range of therapeutic, food, and cosmetic
applications. The biological properties of propolis are associated with the bioactive chemi-
cal composition of propolis. Its chemical components and properties are linked directly
with the species of bees, sources of plants, geographical areas, and environmental condi-
tions. More than 300 components have been recognized in various varieties of propolis,
including phenolic compounds, phenolic acids, flavonoids, mono- and sesquiterpenoids,
diterpenoids, and triterpenoids. The bioactive components of propolis have been found to
possess considerable antimicrobial, immunomodulatory, hepato-protective, antioxidant,
antitumor, and antiparasitic effects. It is a widely applied natural product in pharmaceutic-
and cosmetic-based products. Due to the presence of polyphenols in propolis and their
antioxidant effect, it can be used topically, as it is a photoprotector that blocks solar radia-
tion [46].

Research also supports honey’s efficacy in managing inflammatory gastrointestinal
disorders. For instance, studies on ulcerative colitis have shown that natural honey sig-
nificantly reduces serum levels of IL-13 and IL-6 while also lowering TNF-«, iNOS, and
caspase-3 in colonic tissues. Experiments with natural Turkish honey demonstrated that a
seven-day supplementation markedly alleviated macroscopic and microscopic ulcerative
colitis symptoms in rats compared to synthetic drugs. Similarly, administering 2.5 g of
manuka honey to rats with chronic gastric ulcers enhanced IL-10 levels while reducing
TNF-«, IL-1$3, and IL-6, promoting an anti-inflammatory response. Honey has been used
in treating colitis and gastritis, with a seven-day intake showing reduced ulcerative lesions,
lower microvascular permeability, and decreased gastric myeloperoxidase activity, thereby
enhancing free radical scavenging efficiency [47].

Given its antioxidant and anti-inflammatory attributes, honey also exhibits cardio-
protective effects. Consumption of honey has been associated with lower LDL cholesterol
levels, likely due to its ability to neutralize free radicals. Its anti-inflammatory properties
make honey beneficial in preventing metabolic and cardiovascular diseases, particularly
when combined with other health-promoting foods [48]. Flavonoids, phenolic acids, and
vitamin C found in honey have been shown to contribute positively to cardiovascular
health by enhancing myocardial performance, helping to regulate blood pressure, and
reducing the likelihood of arrhythmias. These bioactive compounds support coronary
artery dilation and help lower the chances of blood clot formation. Evidence from both
laboratory and animal studies indicates that honey can improve lipid metabolism, pro-
tect against oxidative stress, lower cardiac injury biomarkers such as CK-MB, AST, and
ALT, and enhance the activity of antioxidant enzymes including superoxide dismutase
(SOD), glutathione peroxidase (GPx), and glutathione reductase (GRx). Additionally, honey
has been reported to increase the resistance of low-density lipoprotein (LDL) particles to
oxidative modification [49,50].

Among various types of honey, buckwheat honey is considered particularly beneficial
due to its high flavonoid content, specifically quercetin and rutin. These compounds en-
hance capillary strength and elasticity, reducing the risk of vascular damage and atheroscle-
rotic plaque formation [23].

Touzani et al. [51] investigated in an in vitro study the therapeutic potential of propolis
extract from northern Morocco (PNM), focusing on its chemical composition, physicochem-
ical properties, and biological activities. They examined its immunomodulatory, antibacte-
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rial, antioxidant, and anticancer effects. High-performance liquid chromatography analysis
revealed that pinocembrin, chrysin, and quercetin were the dominant phenolic compounds
in PNM. The extract displayed significant antibacterial activity against both Gram-positive
and Gram-negative bacteria and exhibited strong antioxidant potential by effectively neu-
tralizing free radicals. Additionally, PNM demonstrated a dose-dependent inhibitory effect
on MCF-7, HCT, and THP-1 cancer cell lines. In terms of its anti-inflammatory proper-
ties, it reduced TNF-« and IL-6 production in LPS-stimulated human peripheral blood
mononuclear cells (PBMNCs) while increasing IL-10 production up to 15 times higher
than in untreated PBMNCs. These findings suggest that the well-recognized multitarget
therapeutic effects of PNM may be attributed, at least in part, to its immunomodulatory
properties. Similar results were reported for other types of honey, for example, Castanopsis
honey that showed evident antioxidant activities, and the anti-inflammatory activities of
CHE were observed to inhibit the release of NO and reduce the content of TNF-« and
improve the content of IL-10 by regulating the NF-«B pathway [52].

NO is a transient, bioactive free radical that serves as a crucial signaling molecule in
various physiological and pathological processes. It plays a significant role in immune
responses, vascular regulation, and neurotransmission [53]. In the context of inflammation,
NO is primarily synthesized by iNOS in response to pro-inflammatory stimuli, including
cytokines and bacterial endotoxins such as lipopolysaccharides (LPS) [53]. Excessive NO
production is often associated with the severity and progression of both acute and chronic
inflammatory conditions, as it contributes to oxidative stress and tissue damage [54].

In vitro studies have demonstrated that NO production is significantly elevated in
immune cells activated by inflammatory stimuli. For instance, a recent study reported that
when THP-1-derived macrophages were stimulated with LPS, NO production increased
approximately five-fold compared to untreated control cells. However, treatment with
non-toxic concentrations of Hyphaene thebaica honey led to a marked reduction in NO
levels, restoring them to baseline levels observed in untreated cells. This suggests that
Hyphaene thebaica honey may possess anti-inflammatory properties, potentially through its
ability to modulate NO production [54]. While this study highlights a strong correlation
between honey’s phenolic content and its NO-inhibitory activity, correlation does not
imply causation. Additional investigations, including controlled mechanistic studies, are
necessary to determine the precise roles of individual phenolic compounds and other
bioactive constituents in NO regulation.

Previous research has also indicated that honey can suppress NO synthesis by down-
regulating iNOS expression. The inhibitory effect of honey on NO production has been
attributed to its diverse phenolic composition. Different types of honey exhibit varying
abilities to modulate nitrogen oxide levels, likely due to differences in their bioactive
compound profiles. Studies have identified a strong negative correlation between the phe-
nolic content of honey and its NO-scavenging activity, as observed in Moroccan Euphorbia
honey [55,56]. A higher concentration of phenolic compounds in honey has been linked to
a greater reduction in NO levels, suggesting that these compounds play a critical role in its
anti-inflammatory properties [57,58].

Furthermore, honey’s ability to inhibit NO production aligns with its broader anti-
inflammatory effects, which may be mediated by multiple bioactive constituents. These
compounds may work through various mechanisms, such as scavenging reactive nitrogen
species, modulating inflammatory signaling pathways, and reducing oxidative stress. How-
ever, the exact molecular mechanisms and the specific chemical constituents responsible
for NO inhibition remain to be fully elucidated. Given the variability in honey composition
based on botanical origin and geographical factors, further research is warranted to estab-
lish a clearer understanding of its role in NO modulation and inflammation control [57,58].
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While these studies suggest a strong correlation between honey’s phenolic content and
its NO-inhibitory activity, this relationship does not confirm direct causation. Additional
investigations, including controlled mechanistic studies, are necessary to determine the
precise role of individual phenolic compounds and other bioactive constituents in NO
regulation. Understanding these mechanisms could provide valuable insights into the
potential therapeutic applications of honey and natural plant-derived products in managing
inflammatory conditions.

4. Effects on Oxidative Stress and Reactive Oxygen Species (ROS)

Inflammation and oxidative stress are closely linked, with ROS generated in mito-
chondria contributing to the production of pro-inflammatory cytokines and mediators.
Conversely, cytokines such as TNF-oc and IL-1f can promote ROS generation in mitochon-
dria. This interplay between ROS and cytokines leads to metabolic and cellular alterations
(Figure 3) [59].

Honey’s antioxidant properties extend beyond free radical scavenging, as polyphenols
in honey play a significant role in preventing and managing various diseases [60]. Research
indicates that phenolic compounds in honey enhance the body’s natural defense mecha-
nisms against oxidative stress and chemical damage (Table 1) [60-62]. The mechanisms
underlying this impact are diverse, as phenolic compounds contribute to gene regulation
involved in oxidative stress reduction, amyloid fibril formation, and upregulation of the
Nrf2 transcription factor, which triggers antioxidant gene expression [60,63]. Moreover,
polyphenols stimulate the activity of antioxidant enzymes, including SOD, catalase (CAT),
GPx, glutathione reductase (GR), and peroxiredoxins [60,63]. Studies have demonstrated
that consuming honey rich in phenolic compounds boosts plasma antioxidant activity.
Replacing conventional sugars and confectionery products with honey may enhance the
body’s defense against free radicals [60]. Additionally, antioxidant compounds in honey
protect pancreatic cells, which produce insulin and glucagon, from oxidative stress and its
adverse effects [64,65].

A recent analysis of the antibacterial and antioxidant capabilities of four honey types
collected from different regions of the West Bank, Palestine, found a positive link between
their antioxidant effectiveness and polyphenol levels—an observation that supports earlier
research findings [14,15,19]. The honey samples, derived from Medicago sativa, Centaurea
dumulosa Boiss, Silybum, and Ziziphus spina-christi, reflect a range of botanical sources
and environmental backgrounds, which may account for variations in their chemical
makeup and biological effects. Antioxidant tests showed that each sample exhibited
notable antioxidant activity [15].

Metabolic syndrome is a cluster of five risk factors, including central obesity, hy-
perglycemia, dyslipidemia, and hypertension, which increase the risk of cardiometabolic
diseases [66]. Numerous studies have highlighted the beneficial effects of natural prod-
ucts and honey [67-69] in counteracting metabolic syndrome through its anti-obesity,
hypoglycemic, hypolipidemic, and hypotensive properties. The health benefits of honey
are largely linked to its rich polyphenol and flavonoid content, which contribute to its
antioxidant and anti-inflammatory effects. Specific polyphenols such as caffeic acid, p-
coumaric acid, and gallic acid have been associated with anti-obesity and lipid-lowering
actions [67,68]. These compounds may downregulate the expression of sterol regulatory
element-binding transcription factor 1 (SREBP-1) and its downstream enzyme, fatty acid
synthase (FAS), which is involved in lipogenesis. Caffeic acid and quercetin, both present
in honey, have been reported to help reduce body fat and overall body weight. In ad-
dition, honey contains fructooligosaccharides that influence lipid metabolism, partly by
suppressing FAS activity. Its phenolic acids and natural sugars, particularly fructose, are
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also thought to support blood glucose regulation by acting on the PI3K/ Akt insulin sig-
naling pathway. Honey has been found to increase Akt expression while suppressing the
activation of nuclear factor-kappa B (NF-«kB). Moreover, quercetin—a prominent flavonoid
in honey—has vasodilatory effects, enhancing nitric oxide release through endothelial nitric
oxide synthase and activating calcium-sensitive potassium channels [69].

Since oxidative stress and inflammation are key contributors to metabolic syndrome,
honey’s capacity to counteract these mechanisms highlights its potential role in prevention.
An analysis of several Malaysian honey varieties reported a strong association between
total phenolic content (TPC) and honey color intensity. Among the tested samples, Kelulut
honey exhibited the highest TPC at 784.3 mg GAE/kg, followed by Tualang, Pineapple,
and Borneo honeys with values of 589.2, 602.4, and 510.4 mg GAE/kg, respectively [70].
The polyphenols and flavonoids present in honey function as powerful antioxidants by
donating hydrogen atoms and groups to neutralize reactive oxygen species, thereby re-
ducing oxidative damage. For example, quercetin, caffeic acid (CA), and chlorogenic acid
exhibit iron-chelating and iron-stabilizing properties, preventing free radical formation and
enhancing antioxidant capacity [71-73]. Moreover, polyphenols such as apigenin, quercetin,
and kaempferol may exert anti-inflammatory effects by modulating enzymes involved in
pro-inflammatory processes, including nuclear factor-kappa B (NF-«B), activator protein-1
(AP-1), and nuclear factor erythroid 2-related factor 2 (Nrf2) [74-77]. The synergistic inter-
action of these bioactive compounds may contribute to honey’s antimetabolic properties.

5. Inmunomodulatory Effects

Immunomodulatory agents, which can enhance or suppress immune responses, are of
significant interest in treating autoimmune disorders, infections, and cancer. These agents
influence immune mediators, leading to either pro-inflammatory or anti-inflammatory
effects [78]. Immunostimulatory compounds often increase cytokines such as interleukin-2
(IL-2) and interferon-gamma (IFN-y), which promote immune activation. In contrast, im-
munosuppressive agents reduce pro-inflammatory mediators like TNF-«, IL-6, and IL-12—
especially in conditions such as autoimmune diseases—while increasing anti-inflammatory
cytokines such as IL-10 and transforming growth factor-beta (TGF-f3), thereby mitigating ex-
cessive immune responses [78]. Natural compounds, including polysaccharides, flavonoids,
and alkaloids, have demonstrated potent immunomodulatory effects by modulating these
cytokine profiles and influencing key signaling pathways like NF-kB and MAPK [79].

Bee venom has been found to suppress the activation of the pro-inflammatory NF-«B
and AP-1 signaling pathways triggered by Porphyromonas gingivalis lipopolysaccharides
(PgLPS) in human keratinocyte (HaCaT) cells [43]. In another study, a polysaccharide
extracted from Chinese wolfberry bee pollen demonstrated immunoregulatory effects in
RAW264.7 macrophages by lowering the secretion levels of inflammatory mediators such
as IL-1, IL-6, TNF-«, and nitric oxide [44]. Additionally, when propolis was topically
applied to wounds in a type I diabetes mouse model induced by streptozotocin (STZ), it
significantly accelerated the healing process. This improvement was linked to a reduction
in pro-inflammatory cytokines including IL-6, IL-1$3, and TNF-«, alongside enhanced
collagen production mediated through the TGF-p1 signaling pathway involving Smad2
and Smad3 proteins [45].

As mentioned above, several scientific studies have highlighted the health benefits
of manuka honey [80]. It has been found to exhibit immunomodulatory properties, as
demonstrated by Masad et al. [81] using in vitro and in vivo approaches. Treatment of RAW
264.7 macrophages with 1% manuka honey significantly increased TNF-« gene expression
(~26-fold) and secretion (~27-fold). The expression of other inflammatory cytokines (IL-1f3,
IL-6, iNOS) and chemokines (CXCL2, CCL2) also increased. In C57BL/6 mice, intraperi-
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toneal manuka honey administration led to a significant rise in peritoneal exudate cells
(PECs), mainly due to a 35-fold increase in neutrophil recruitment. This response was
observed in TLR4-defective C3H/He] mice, indicating that it was independent of TLR4
and unlikely due to LPS contamination. Manuka honey altered macrophage phenotypic
expression, shifting towards the CD11blo F4/80lo phenotype and increasing MHC class 11
expression. However, this peritoneal response was largely absent in MyD88-deficient mice,
highlighting the role of TLR signaling.

In a recent study, Masad et al. [82] highlighted the immunostimulatory properties of
MH and demonstrate its potential utilization in cancer prevention and treatment. They in-
vestigated the effects of orally administered manuka honey on tumor growth and immune
responses. Manuka honey pretreatment enhanced anti-tumor immunity, leading to tumor
suppression. Increased tumor immunogenicity was observed through upregulated MHC
class-II on macrophages, MHC class-I on tumor cells, and greater T cell infiltration. Notably,
manuka honey was also effective when administered therapeutically post-tumor implan-
tation. Transcriptomic analysis revealed changes in chemokine and cytokine expression
associated with these effects. The immunomodulatory impact of manuka honey was lost
in IFNy-deficient mice. Gut microbiota analysis showed manuka honey induced unique
microbial changes, potentially driving the observed immune benefits. Manuka honey
treatment appeared to enrich for a type I/II IFN signature, enhancing T cell activation and
migration from the gut to peripheral tissues. These activated T cells exhibited superior
effector function, contributing to tumor suppression. Further research is needed to validate
the role of gut microbiota and explore manuka honey’s combination with chemotherapy or
immunotherapy for enhanced anticancer efficacy.

Table 1. Summary of bioactive compounds and their reported immunomodulatory and anti-
inflammatory properties. The effects listed are primarily based on findings from in vitro and animal
studies, as cited in the referenced literature. These studies investigated various mechanisms including
cytokine modulation, inhibition of inflammatory mediators, and regulation of signaling pathways
[41,81-93].
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Table 1. Cont.
Medicinal Properties
Principal .
Components Honey Propolis Pollen Royal Jelly Anti- Immuno- Antioxidant Wound
ntioxidan .
Inflammatory Modulatory Healing
Naringenin v N4 v v v v v
Neoflavonoid V4 N4
Neovestitol v N
P-coumaric v v
P-
hydroxybenzoic v v
Pinocembrin v v v
Protocatechuic v v
Quercetin v v v v v v v
Rosmarinic v N4 v
Rutin v v v v
Syringic v v

6. Wound Healing

The wound-healing process is categorized into four sequential stages: hemostasis,
inflammation, proliferation, and tissue remodeling [82]. Inflammation is a crucial bi-
ological response of living tissue to local injury, serving as a protective mechanism to
prevent infections and facilitate tissue repair. While inflammation is essential for healing,
an improper response can lead to excessive production of inflammatory mediators by
immune cells, which fail to respond to the initial triggers, thereby hindering wound resolu-
tion [53]. The anti-inflammatory properties of honey contribute to wound healing through
various mechanisms.

During the inflammatory phase, damaged tissues generate high levels of free radicals.
The antioxidant compounds present in honey work in synergy to mitigate oxidative stress,
thereby reducing tissue damage and preventing necrosis [14]. Additionally, both in vitro
and in vivo studies suggest that honey inhibits the activity of cyclooxygenases 1 and 2
(COX1 and COX2), which are involved in prostaglandin synthesis [54,55]. Prostaglandins
regulate the inflammatory response by promoting vasodilation, increasing vascular perme-
ability, facilitating leukocyte migration, inhibiting platelet aggregation, and triggering pain
receptors. A reduction in prostaglandin levels in plasma is associated with diminished
inflammation, edema, and pain [56]. Furthermore, honey has been found to suppress the
expression of TNF- « and reduce pro-inflammatory cytokine levels by modulating NF-
kB [54]. NF-kB plays a role in activating inducible nitric oxide synthase (iNOS), an enzyme
responsible for NO production. During inflammation, iNOS is stimulated by cytokines,
TNF-¢, interleukins, and bacterial endotoxins, leading to NO release. Although NO acts
as a mediator in both acute and chronic inflammation, excessive or untimely production
can be detrimental, contributing to inflammation-related disorders [56]. Another beneficial
effect of honey’s anti-inflammatory activity is the reduction in edema, which alleviates
pressure on the microvasculature of wound tissue, ensuring oxygen and nutrient avail-
ability necessary for tissue growth and repair [20]. This property also aids in controlling
wound exudate and maintaining optimal moisture levels, a critical factor in effective wound
healing [39].

The anti-inflammatory potential of honey is largely attributed to its phenolic com-
pounds (Table 1) [53,57]. However, studies have not yet established a direct correlation
between the anti-inflammatory activity of various honey samples and their phenolic con-
tent [58]. This discrepancy may result from the complex interactions between phenolic
compounds and other bioactive constituents present in honey.
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Honey has been shown to promote re-epithelialization by increasing TNF-o and IL-
1P levels. Research indicates that a 1% concentration of honey stimulates monocytes to
release TNF-«, IL-1, and IL-6, which enhance keratinocyte migration and proliferation—key
cellular processes in wound healing. These cytokines also facilitate collagen synthesis by
fibroblasts, further contributing to tissue regeneration [14,68,81,83].

A recent study [93] investigated the anti-inflammatory properties of seven honey vari-
eties sourced from different regions of Romania using in vitro experimental models. The
research focused on macrophage-like cells to assess the impact of honey on inflammatory
cytokine production, a key factor in modulating inflammation. The findings confirmed
that Romanian honey varieties exhibited anti-inflammatory effects by reducing TNF-o
and IL-8 production by up to 12% in inflamed human macrophage-like cells. These anti-
inflammatory properties were primarily influenced by the phenolic content of honey rather
than its sugar composition. There was a strong positive correlation between phenolic
compounds and biological activity, whereas glucose content showed a moderate negative
correlation. This suggests that bioactive phenolic compounds, rather than sugars, play a
crucial role in honey’s anti-inflammatory potential. Supporting evidence from previous
studies indicates that phenolic-rich honey extracts from Malaysia inhibited nitric oxide
production in LPS and interferon-y-activated RAW 264.7 macrophages. Compounds such
as ellagic acid, ferulic acid, myricetin, and hesperetin have been identified as contribu-
tors to honey’s anti-inflammatory activity [80-92]. In another study, McLoone et al. [94].
determined the ability of five honeys from Kazakhstan and manuka honey to stimulate
TNF-a and TGF-f production by human keratinocytes. TNF-oc and TGE-{3 levels increased
over time in honey-treated and untreated keratinocytes, whereas cells treated with sugar
solutions that matched those of the honeys had reduced levels of both cytokines. This
suggests that the non-sugar phytochemical components of the honeys may have prevented
this decrease. Analysis by LC-MS confirmed that the honeys contained a diverse range
of phytochemicals. Some phytochemicals, e.g., pinobanksin and vanillin, were present at
different levels across the honey types, whereas other components, e.g., dicarboxylic acids
and their glycosides, were abundant in all the honeys. This study highlights the potential
of honey’s non-sugar phytochemicals in modulating cytokine production and suggests that
these components may contribute to the therapeutic properties of honey in skin-related
inflammatory responses.

Similarly, recent research [95] has highlighted the significant role of propolis in wound
healing due to its anti-inflammatory properties. However, its pharmacological efficacy
varies depending on its geographic and botanical origins. A study analyzing three ethanolic
extracts of Korean propolis assessed their chemical composition and biological activities,
particularly their anti-inflammatory effects in wound repair. Flavonoids such as pinocem-
brin, chrysin, and apigenin were identified as major constituents. Among the extracts,
Gongju Mountain propolis exhibited the highest anti-inflammatory activity, including the
strongest inhibition of NO production. Gongju Mountain samples significantly suppressed
inflammatory mediators such as iNOS, IL-1f3, and IL-6. The high flavonoid content in
Korean ethanolic propolis may contribute to its wound-healing, anti-inflammatory, and
antioxidant effects. In vivo studies demonstrated that propolis accelerates wound healing
by reducing inflammation, and acute dermal toxicity tests confirmed its safety for topical
application. Tang et al. [96] recently conducted a systematic review and meta-analysis to
assess the effectiveness and safety of honey-based dressings in the treatment of chronic
wounds. The results indicated that honey dressings were more effective than conventional
alternatives in promoting wound closure and speeding up the healing process. Despite
these benefits, the analysis did not find significant differences in terms of overall healing
rates, time required for bacterial clearance, or duration of hospitalization. While honey treat-
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ment may decrease the Visual Analog Scale pain score, it may also increase the incidence of
painful discomfort during treatment.

Overall, these findings underscore the therapeutic potential of honey and propolis in
wound healing. Their anti-inflammatory properties, largely driven by phenolic compounds
and flavonoids, play a critical role in modulating inflammation and promoting tissue
regeneration. Future research should aim to refine their applications, ensure product
standardization, and explore their clinical efficacy through large-scale trials.

7. Safety Considerations of Honey and Bee Products

Although honey and other bee products are generally considered safe and benefi-
cial, their therapeutic use requires awareness of potential adverse effects. Infant botulism
remains a well-recognized risk associated with honey consumption in children under
12 months, due to the possible presence of Clostridium botulinum spores, and honey is
therefore contraindicated in this age group [97]. Allergic reactions are another concern,
particularly in individuals with sensitivities to pollen or bee-derived substances. Reactions
may range from mild symptoms (e.g., skin irritation, gastrointestinal discomfort) to severe
responses such as anaphylaxis [98]. Components like royal jelly and propolis have been
linked to adverse effects including asthma exacerbation, contact dermatitis, and rare cases
of nephrotoxicity or hepatotoxicity, especially with high doses or prolonged use [99,100].
Additionally, because of its high sugar content, honey may not be suitable for individuals
with uncontrolled diabetes or those on strict glycemic diets [101]. Thus, while the therapeu-
tic potential of bee products is significant, it is essential to consider these safety concerns
and apply appropriate clinical judgment, especially in sensitive populations.

8. Therapeutic Ranges and Doses of Propolis and Bee Venom

Propolis and bee venom have long been studied for their therapeutic potential, par-
ticularly in the areas of wound healing, anti-inflammatory effects, and pain management.
Below, we summarize the key findings from preclinical and clinical studies regarding the
therapeutic doses and ranges for these substances.

Propolis is a resinous substance collected by honeybees from tree buds and other
botanical sources. It contains a variety of bioactive compounds, including flavonoids, phe-
nolic acids, and terpenoids, which contribute to its therapeutic properties. The therapeutic
doses of propolis vary depending on the intended application and the form in which it is
administered (e.g., oral, topical).

Oral Administration: Preclinical studies have shown that propolis is effective at doses
ranging from 5 mg/kg to 50 mg/kg in animal models. Clinical trials, however, generally
use lower doses in human patients, typically ranging from 200 mg to 1000 mg per day.
These doses have been found to be well tolerated in humans, with promising results in the
treatment of conditions like wound healing, infections, and inflammation [102,103].

Topical Application: Topically, propolis is often used in the form of creams or oint-
ments. Clinical studies suggest that concentrations of 10-30% of propolis extract are
effective for promoting wound healing and reducing inflammation [104]. In some cases, up
to 500 mg of propolis in topical formulations has been applied daily for skin conditions like
eczema or acne.

Therapeutic Applications: Propolis has been studied for its potential in treating a
range of conditions, including oral ulcers, wound healing, and inflammatory diseases. Its
use in oral form (e.g., 300-500 mg/day) has been shown to provide anti-inflammatory and
antioxidant benefits, supporting its role in managing conditions like gingivitis and sore
throat [105].
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Bee venom is a complex mixture of enzymes, peptides, and biogenic amines, with
melittin being the principal active component responsible for its anti-inflammatory and
analgesic effects. Bee venom has been explored for therapeutic purposes in pain manage-
ment, particularly in conditions like arthritis and chronic musculoskeletal pain.

Preclinical Studies: In animal models, bee venom is typically administered at doses
ranging from 0.1 mg/kg to 1 mg/kg, depending on the specific condition being stud-
ied [106]. These doses have demonstrated significant anti-inflammatory and analgesic
effects in conditions such as rheumatoid arthritis and osteoarthritis.

Clinical Administration: In clinical practice, bee venom is most commonly adminis-
tered through localized injections as part of apitherapy. Doses of 0.1 mg to 2 mg per session
have been reported in studies on chronic pain management [107]. Typically, patients receive
1-5 injections per week, with some protocols recommending treatment over several months
depending on the severity of the condition.

Safety and Efficacy: Bee venom therapy has shown efficacy in reducing pain and
inflammation in clinical settings, particularly for musculoskeletal disorders like rheumatoid
arthritis. Most clinical trials report positive outcomes with doses ranging from 0.1 mg to
1 mg per injection, with minimal side effects when administered properly [108]. However,
allergic reactions remain a concern, particularly in individuals with a history of insect stings.

Both propolis and bee venom have demonstrated therapeutic potential, with estab-
lished dosing ranges based on preclinical and clinical studies. Propolis doses of 200 mg to
1000 mg per day are typically well tolerated in humans, while bee venom is most commonly
administered in doses of 0.1 mg to 2 mg per session for pain and inflammation management.
However, more extensive clinical trials are needed to refine the optimal therapeutic ranges
and to explore their full potential in different medical conditions.

9. Concluding Remarks

Inflammation is a crucial defense mechanism, but its dysregulation can lead to in-
flammatory diseases. Bee products have been used as a wound dressing for thousands of
years, but only in more recent times has a scientific explanation become available for its
effectiveness. Bee products, rich in bioactive compounds, have shown significant potential
in modulating immune responses, reducing inflammation, and supporting treatments for
autoimmune conditions, diabetes, cancer, wound healing, and periodontal diseases. Their
immunomodulatory, antioxidant, anti-inflammatory, neuroprotective, and antimicrobial
properties further underscore their medicinal value. Despite these benefits, the clinical use
of bee products remains limited due to a lack of extensive human trials and concerns about
allergic reactions and toxicity. Further research is needed to unlock their full therapeutic
potential. Additionally, preserving honeybee populations is essential, especially in the
wake of colony collapse disorder, to sustain these valuable natural resources. Although not
classified as medicine, honey is widely recognized for its preventive and therapeutic bene-
fits. Its healing properties are closely linked to its chemical composition, botanical origin,
and geographical source. Among its key bioactive components, phenolic compounds—
particularly polyphenols—play a vital role in combating oxidative stress-related diseases,
including cardiovascular and neurodegenerative disorders, inflammation, and cancer. It is
important to note that many of the findings discussed in this review are based on in vitro
and animal studies. While these models provide valuable insights into the mechanisms
of action and therapeutic potential of honey and its bioactive compounds, their direct
translation to human health outcomes remains a significant challenge. Differences in physi-
ology, immune responses, and metabolism between species highlight the need for cautious
interpretation. Therefore, further well-designed clinical trials are essential to confirm these
effects in human populations. A more detailed analysis of the translational challenges
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and opportunities is beyond the scope of this review but represents an important topic for
future investigation.
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