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Abstract

:

Skin tissue regeneration is one of the population’s most common problems, and the complications that may appear in the healing process can have detrimental consequences. An alternative to conventional treatments could be represented by sustainable materials based on natural products, such as honey and its derivates (propolis, royal jelly, bee pollen, beeswax, and bee venom). They exhibit significant inhibitory activities against bacteria and have great potential in dermal tissue regeneration. Research in the pharmaceutical field demonstrates that conventional medication combined with bee products can deliver better results. The advantages include minimizing side effects and maintaining the same effectiveness by using low concentrations of antibiotic, anti-inflammatory, or chemotherapy drugs. Several studies suggested that bee products can replace the antimicrobial activity and efficiency of antibiotics, but further investigation is needed to establish a topical mixture’s potential, including honey, royal jelly, and propolis. Bee products seem to complete each other’s deficiencies, and their mixture may have a better impact on the wound healing process. The topic addressed in this paper highlights the usefulness of honey, propolis, royal jelly, bee pollen, beeswax, and bee venom in the re-epithelization process and against most common bacterial infections.
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1. Introduction


Normally, skin wounds can occur by exposure to fire, hot solids, hot liquids or gases, strong bases/acids, radiation, electricity, or abrasion, puncture, incision, blunt force trauma, and so on. The subsidiary therapeutic aim, in this case, is to prevent and treat the infection, along with ensuring a good recovery by maintaining the right functions [1,2]. Wound healing is a complex, biological process that involves replacing harmed tissue with living tissue. The process of skin healing includes four phases that can overlap: the homeostasis phase, the inflammatory phase, the proliferation phase, and the remodeling phase [3].



Burns are one of the most complex skin wounds and are classified into four degrees, depending on how deeply and severely they penetrate the skin’s surface. First-degree burns involve redness of the epidermis, pain at the injury site, and dryness. Second-degree burns can affect the papillary layer (the upper dermis) or reticular layer (the deeper dermis), presenting a moist appearance with white or yellow coloration and blistering skin. Third-degree burns are described as complete thickness destruction of the epidermis and the dermis and stiff or leathery consistency. After recuperation, the contractures and the scarring will expand. Fourth-degree burns involve severe damage to underlying tissues, ligaments, muscles, tendons, and even bone [4,5].



In recent years, numerous commercially accessible wound dressings have been proposed, but they have some vital barriers consisting of antimicrobial incorporation agents that can have a toxic impact, for example, on a long period of treatment, so the wound recuperation can take longer [6]. So far, many types of wound dressings, including cotton gauze dressings [7], human amniotic membrane [8,9], polysaccharide-based dressings [10,11], and nanofibrous dressings [12,13], have been investigated to assist and enhance the cutaneous wound healing process, ensuring optimum conditions for the restoration of the damaged tissue [14,15]. A commercial dressing doesn’t allow moisture to adhere to the affected surface, the lack of which can harm the epithelium recently formed. Therefore, it has been suggested to use biopolymers (such as collagen [16], chitosan [17], carboxymethylcellulose [18], and alginate [19]) as an alternative to conventional wound dressings, considering that an ideal wound dressing should have the following characteristics: be nonallergenic and nontoxic, preserve the moist environment, promote effective oxygen exchange, protect the wound against microbial organisms, and absorb wound exudates [20]. Biopolymers are biocompatible and swell through liquid uptake by their polymeric networks. In addition, they provide apposite matrixes to promote the healing cascade by mimicking in milieu a moist medium [21].



For decades, honeybee products have been used in medical applications, especially in treating primary and secondary wound burns. The most investigated bee products include honey, propolis, bee pollen, royal jelly, beeswax, and bee venom [22]. These bee-derived products demonstrated antibacterial, anti-inflammatory, antioxidant, antifungal, and antiviral properties, which recommended them in such applications (Figure 1). This review aims to present the usefulness of honeybee products in wound healing, correlating their chemical composition with the most important biological properties, and strengthen the existing knowledge regarding the inhibitory activity of these natural products against the most common bacterial infections.




2. Bee-Derived Products: Chemical Composition and Biological Properties


Since bee-derived products have a complex chemical composition and low concentration levels of some polyphenolic compounds, it is mandatory to perform several steps prior to the characterization of phenolic compounds and flavonoids. The most common steps to obtain a homogenous and pure sample to analyze are liquid–liquid extraction (aqueous, ethanolic, or in organic solvents) or extraction assisted by microwave and ultrasounds, solvent elimination (e.g., through lyophilization, vacuum distillation, membrane concentration processes, and evaporation), purification, etc. [24,25]. After sample preparation, which is the most time-consuming and susceptible to error step, many techniques for the determination of the complete phenolic profile of bee-derived products were reported. Among the most efficient qualitative analysis methods are high-performance liquid chromatography (HPLC) and capillary electrophoresis (CE), usually coupled with diode-array detection (DAD) and mass spectrometry (MS). MS alone is considered to provide only an unambiguous structure; therefore, it became mandatory to combine it with ultraviolet spectroscopy (UV) and nuclear magnetic resonance spectroscopy (NMR) for the identification of flavonoids [26]. Electrochemical detection and fluorescence detection have also been used in some cases in the analysis of flavonoids due to their sensitivity and selectivity [27,28]. Recently, the profile of phenolic compounds from bee bread, bee pollen, beeswax, and multiflorous honey was determined by ultra-performance liquid chromatography (UPLC) coupled with photodiode array detection (PDA) and electrospray ionization (ESI) tandem mass spectrometry (MS) method [29].



2.1. Honey


Honey is a natural substance delivered by numerous honeybee species from all over the world [30]. Based on the diversity of floral sources, about 320 different types of honey were identified. Different types of honey are similar in terms of temperature, rainfall, and seasonal and climatic modifications [31]. Researchers point out that honey is very efficient in major cases of infection and the wound healing management of a burn injury. Therefore, many studies focused on discovering the composition of honey and showing the physical and chemical characteristics that make it useful against a variety of microorganisms [32].



The chemical composition of honey has received a great deal of attention, and more than 200 compounds were identified in this natural substance. The dry matter of honey’s major constituent is sugar in 90–95%, followed by other constituents such as water, organic acids, and mineral compounds (Figure 2) [33]. In honey’s composition exist numerous important biological bioactive elements such as vitamin A (Retinol), vitamin B1 (Thiamine), vitamin B2 (Riboflavin), vitamin B6, vitamin E (Tocopherol), vitamin K (antihemorrhagic vitamin), Niacin, flavonoids, fatty acids, vitamin C (ascorbic acid), cinnamic acid, pantothenic acid and phenolics, hydroxybenzoic acid, octadecanoic acid, and ethyl ester. Other examples of honey components also include abscisic acid, apigenin, ferulic acid, pinocembrin, and acacetin. Additionally, we can also identify different types of amino acids with physiological importance, such as arginine, proline, cysteine, glutamic, and aspartic acid [31].



In smaller quantities, the presence of phenolic acids and flavonoids were found, which are responsible especially for the unique flavor, appearance, and bioactivities of honey. Phenolic compounds can offer complementary and overlapping modes of action via different types of activities such as antioxidant, antibacterial, and antiviral activities, stimulating the immune system, modulating detoxification enzymes and cholesterol synthesis, reducing platelet aggregation, and also blood pressure. Therefore, their presence in the composition ensures important health benefits of honey. Several investigations have focused on honey’s phenolic profiles and reported a specific correlation between the phenolic content and the antioxidant activity of honey [35]. The phenolic acids that are usually found in honey include p-hydroxybenzoic, gallic, p-coumaric, cinnamic, ferulic, and caffeic acids, and are predominantly found in heather and buckwheat honey. Regarding the flavonoids identified in honey, the most important are chrysin, quercetin, luteolin, myricetin, apigenin, pinocembrin, and pinobanksin (Figure 2) [36].



Due to its complex chemical composition, honey has been used in medicinal applications for a long period. The beneficial outcomes of honey represent a good alternative for the management of different wounds. It also contributes substantially to wound healing processes due to its antimicrobial, antioxidant, and anti-inflammatory activities, with a huge impact on the immune system, debridement action, and stimulating function in wound regeneration [37]. These properties are all a result of the synergy between different factors (described in Figure 3), including acidity, high osmotic pressure, presence of phenolic acids, lysozymes, flavonoids, polyphenols, and methylglyoxal. The pH of honey has been documented in a range of 6–7 and appears to offer extra oxygenation to tissues because it can enhance offloading of oxygen from hemoglobin inside the capillaries. This acidification of wounds is responsible for promoting recuperation. Edema and exudates are reduced by the anti-inflammatory action of honey, which can also reduce the pain that occurs by pressing on nerve endings and decreasing the quantity of prostaglandin, resulting in an inflammatory process. Osmolality is also related to honey activity, and its high sugar concentration forms a high osmotic pressure which prevents bacterial growth and proliferation [38].



The antibacterial properties of honey are generally related to the following two main mechanisms: (i) inhibition of the microbial growth by hydrogen peroxide (H2O2), which is formed by enzymatic activity (for example, glucose oxidase); (ii) inhibition of microbial growth via nonperoxide activities [39]. These nonperoxide activities are based on the action of complex phenols and organic acids, which are well known as flavonoids. The presence of nonperoxide antibacterial factors in honey is proven by the persistent activity in honey products modified with catalase to eliminate the hydrogen peroxide. These antibacterial activities are also influenced by the floral source collected by honeybees, and therefore, not all honey products possess this type of property. Its antioxidant elements are very important and are responsible for the elimination of bacterial infections. Moreover, honey contributes to the production of antibodies and cellular elements implicated in the immunity system [40].



There are some essential benefits offered by honey in the treatment of skin wounds. First, it assures a moist environment because it has the property of being nonadherent. Then, the integrity of the skin surface is maintained and is responsible for providing a barrier for the bacteria, which can prevent cross-infection and contamination with microbes. Numerous investigations indicated that its antibacterial activity eradicates a significant variety of microbes which speeds up the process of wound healing [41].



Another important component of honey is its anti-inflammatory property which includes the debridement of the wound, preventing of scarring, and enhancing recovery of the tissue. Investigations made on affected tissues treated with honey indicated that this bee product is responsible for reducing the quantity of wound exudate. This can also be considered due to the anti-inflammatory activities of honey. Researchers point out that honey can inhibit enzymes that are found in inflammation, such as cyclooxygenase-1 and cyclooxygenase-2. Due to the diversity of its composition, honey is responsible for stimulating or inhibiting the release of specific cytokines, including interleukin-1β, interleukin-6, and tumor necrosis factor-α from human monocytes and macrophages, which are related to wound characteristics. Moreover, honey can decrease or activate the production of reactive oxygen species from neutrophils, which also relies on wound conditions. Additionally, the amount of potent inflammatory constituents such as prostaglandins, including PGE2 (prostaglandin E2), PGF2a (prostaglandin F2a), and thromboxane B2 in plasma, was also reported to decrease in honey-treated wounds [42]. Free radicals’ high content during the inflammatory phase of wound recovery can be extremely harmful and can affect proteins, lipids, and nucleic acids, which are fundamental constituents for the useful activities of all cells. Honey can decrease the damage caused by the free radicals and, in this way, can prevent other tissue necrosis. The activity of the fibroblasts is stimulated by the reactive oxygen species created in the inflammatory phase. Fibroblasts are responsible for collagen fiber production in scar tissue, and prolonging the inflammatory phase can lead to fibrosis and hyper-granulation. The reduction in the inflammatory phase determined by honey minimizes or even prevents hypertrophic scarring [43].



The antioxidant activity of natural honey is determined by the existence of a range of compounds, including flavonoids (quercetin, apigenin, galangin, pinocembrin, chrysin, hesperidin, and kaempferol), phenolic acids (such as caffeic, p-coumarin, ellagic, and ferulic acids), ascorbic acid, catalase, reduced glutathione, tocopherols, superoxide dismutase, maillard reaction products, amino acids, peptides, and selenium [44]. The relative positions of OH groups in the aromatic ring of phenolic acids can determine the antioxidant effect. The quantity and type of these antioxidant elements are typically influenced by the floral source or variety of the honey. Usually, darker honey has demonstrated higher content of antioxidants when compared to a lighter one. The different mechanisms of action regarding antioxidant substances include: inhibiting the enzymes responsible for producing superoxide anions, a decrease of the adverse consequences of reactive oxygen and nitrogen species, radical chain reaction breaking, metal chelation, and also inhibiting the reactive oxidants from being formed [45]. Several investigations point out that antioxidant activities are related to total phenolic concentration. This was suggested for four types of Romanian honey, seven single-origin Italian honeys, and seven types of Slovenian honey [46]. Studies on Portuguese honey have highlighted that the phenolic content of honey, although responsible for its antioxidant activities, also has an important role in determining the antimicrobial effects [47]. Antioxidant properties have also been correlated with the action of several acids, such as citric, gluconic, and malic acids, which determine some processes like chelating metal ions and enhancing the outcome of the antioxidant activity of flavonoids. Intensive research indicated that honey accelerates the wound healing process via antioxidant response by activating AMPK (5′adenosine monophosphate-activated protein kinase) and antioxidant enzymes that can reduce oxidative stress [48].




2.2. Propolis


Propolis is a product of resinous substances, with a gummy and balsamic texture, collected by bees from flowers, buds, and exudates from plants. The word propolis is derived from a Greek term in which pro represents “at the entrance to” and polis “city”, indicating that this natural product is used in defense of the hive. Due to its waxy nature and mechanical properties, honeybees use propolis as a binder to keep moisture and temperature stable in the hive all year round and close cracks or open spaces. At high temperatures, propolis is soft, foldable, and very sticky; however, when it is cold, and especially when it is frozen or almost frozen, it becomes hard and fragile [49].



The color of propolis is often dark brown. According to the resin sources found in the areas near the hive, it can also have other colors like green, red, black, and white. For example, in northern temperate climates, bees collect resins from trees like poplars and conifers. The most widespread propolis types are green, poplar, birch, red, Mediterranean, Clusia, Pacific, Tunisian, Iranian, and Egyptian propolis, all different in geographic origin and plant source (Table 1). Typical propolis contains resin and balsam, wax, essential and aromatic oils, pollen, and other organic substances (Figure 4) [50].
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Table 1. Most important propolis types (resumed from [51]).
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	Propolis Type
	Origin
	Major Constituents





	Poplar
	Europe, North America, and the nontropical regions of Asia
	Flavonoids and phenolic acid esters (flavones, quercetin derivates, pinocembrin derivates, and daidzein)



	Red propolis
	Cuba, Mexico, Brazil
	Derivatives of p-coumaric acids, artepillin C, different caffeoylquinic acids, and lower amounts of flavonoids



	Pacific
	Taiwan, Japan
	C-prenyl-flavanones



	Mediterranean propolis
	Greece, Malta, Crete, southern Italy
	Diterpenes








The chemical composition of propolis can vary depending on the production region, the availability of the sources of collection of plant resins, the genetic variability of the queen bee, the technique used for production, and the season in which the propolis is produced. The studies on the chemical composition of propolis from Europe have identified only flavonoids and phenolic compounds. It was found that propolis from temperate climatic zones, like Europe, nontropical regions of Asia, and North America, is obtained mainly from the bud exudates of Populus species and their hybrids and has in composition flavonoids, phenolic acids, and their esters. Instead, the propolis from tropical regions is rich in prenylated benzophenones, diterpenes, and flavonoids due to the absence of poplars and birches [53,54,55].



The propolis specific to the temperate zone is named poplar propolis because it is mainly obtained from the exudates of Populus buds. Birch propolis originates especially from Russia and is not similar to poplar propolis. Pacific propolis is a type of propolis originating from Taiwan, Japan, and the Solomon Islands [49]. Brazilian green propolis is extracted from a Brazilian plant named Baccharis dracunculifolia DC (Asteraceae) and represents the most studied type of propolis. Brazilian green propolis is composed of prelene, phenylpropanoids such as artpillin C, and diterpenes. The dominant constituents of Brazilian green propolis include caffeoylquinic and prenylated cinnamic acids such as artpillin C and baccharin, which possess antioxidant and inhibitory characteristics against some enzymes. It has been shown that artpillin C can inhibit neutrophil mobilization in the abdominal cavity [50].



Red propolis is similar to green propolis and comes from Apis mellifera, but the composition is different because the bees collect another plant (Dalbergia ecastophyllum) to obtain it. The main chemical components of red propolis are phenylpropanoids, terpenes, flavonoids, aromatic acids, and fatty acids. In addition, inorganic elements such as iron, copper, aluminum, manganese, calcium, vanadium, and silicon are also found in this type of propolis. Flavonoid content is higher in red propolis than in green propolis [56].



In propolis, around 300 compounds are present such as phenolic acids, cinnamic acid, caffeic acid, terpenes, flavonoids, esters, amino acids, sugar, sterols, steroid hydrocarbons, minerals, aliphatic hydrocarbons, sesquiterpene, and triterpene hydrocarbons (Table 2). Propolis is a lipophilic substance, and it has a distinct odor; its oil shows adhesive properties and has a strong reaction with skin proteins [57]. Terpenoids represent 10% of the composition and are responsible for the odor, as they are volatile components of plants and are related to the biological properties of propolis. Terpenoids include diterpenes such as ferruginol, junicedric acid and its derivatives, pimaric acid, monoterpenes including terpineol and camphor, and triterpenes such as amyrone and the derivatives of lupeol and lanosterol [49].



As previously mentioned, propolis is partially soluble in water and cannot be used as a raw material. Therefore, to use it in various applications, it must be purified through extraction with solvents to eliminate the inert material and maintain the polyphenolic fraction. Flavonoids and phenolic acids are considered more efficient in the healing process when compared with the effects of the other propolis components. Propolis extracts are generally obtained via typical methods, such as ethanolic or aqueous extraction or Soxhlet [59,60].



Regardless of the plant source (plant species and geographical origin) and the chemical or biological compositions, propolis activity, especially antimicrobial activity, has always been identified. Therefore, propolis plays an important role in the hive: it represents a “chemical weapon” against pathogens and microorganisms, a constant threat to the vital health status of this busy “city”, vulnerable to the invasion of a series of enemies and diseases proliferation. Despite this important function and due to the diversity of plants, there are some types of propolis that contain many chemical constituents related to antimicrobial properties but also other valuable bioactivities. The biological properties include antibacterial, anti-inflammatory, antimycotic, antioxidant, antiviral, antiprotozoal, local anesthetic, cytostatic, immunostimulatory, and hepatoprotective features. The active propolis factors responsible for its biological properties are well defined and vary with the sample of propolis, dose, and the solvents used for extraction. Flavonoids and esters of phenolic acids are considered bioactive compounds, and the ratio of the combined reagents in propolis is important for its effect.



Propolis, which is well tolerated with rare allergy incidents and no toxicity, is mentioned as an excellent candidate for managing wounds, for the growth of skin cell proliferation, activation, and growth capacity. Several studies confirm the therapeutic efficacy of propolis through quantitative and qualitative analyzes of type I and III collagen, indicating that propolis could have environmentally friendly biochemical effects in support of re-epithelization. Recent findings have demonstrated that oxygen is required for wound disinfection and for wounds to heal, but also oxygen-dependent redox-sensitive signaling processes play an essential role during the healing process. The interactions between free radicals in the skin and the vicinity of tissues may also be responsible for some toxic effects and changes in their structure. Other studies show that propolis accelerates the repair of affected tissue by stimulating the wound bed by remodeling the matrix, and the changes observed in the content of the extracellular matrix after the application of propolis may be related to the ability of its flavonoid compounds to reduce lipid peroxidation and prevent cell necrosis. The biological activities of propolis involved in wound healing and tissue regeneration could be correlated with its antimicrobial properties as well as its anti-inflammatory and immunomodulatory properties (Figure 5) [61].



Propolis is regarded as more effective against Gram-positive bacteria than Gram-negative bacteria. Gram-negative external membrane is determined by the species and indicates the porin or lipopolysaccharide amount of the external layer; in addition, the constituents of propolis could be damaged in the bacterial suspension with the aid of hydrolytic enzymes released by the bacteria. Propolis components may enhance membrane permeability and repress bacterial motility, and these mechanisms can be correlated with the antimicrobial activity of propolis. Propolis may influence ion permeability of the internal bacterial membrane and cause the dissemination of the membrane potential. The electrochemical gradient of protons throughout the membrane is vital for bacteria to preserve adenosine triphosphate synthesis, membrane transport, and motility to stay viable. Propolis possesses effects specifically on microorganisms in vitro but can also activate the mechanisms involved in the microorganisms’ damage and stimulate the immune system in vivo [62].



The ways in which propolis works are determined by the interplay between phenolic and different constituents, including pinobanksin, pinocembrin, and galangin. Moreover, the antibacterial activity is attributed to its active compounds, such as aromatic compounds, especially caffeic acid and flavonoids. In addition, propolis has a bactericidal role to stop the division of the bacterial cell, damage the cell wall bacterial cytoplasm, and stop protein synthesis [63]. Pinocembrin is the component of propolis that shows antibacterial activity against Streptococcus spp., while artepillin C, p-Coumaric acid, and 3-phenyl-4-diydrocinnamylocinnamic acid strongly limit bacterial glycosyltransferase against Apigenin and Helicobacter pylori [61].



Flavonoids can determine the antibacterial activity of propolis and can limit the resistance of bacterial cells to different antibacterial agents by expanding the permeability of the internal bacterial membrane and disseminating its potential. These discoveries encourage a synergistic impact that takes place between propolis and different antibiotics. It was demonstrated that propolis action can lead to fractional bacterial lysis and inhibit protein synthesis [64].



The antioxidant agents from propolis can be correlated with its immunomodulatory activities. An example of powerful antioxidants present in the composition of propolis is flavonoids. Various antioxidants and enzymes play an essential role in adjusting the generation rate and cleaning the oxidants. Severe skin wounds are related to the release of inflammatory mediators and reactive oxygen/nitrogen species. The formation of free radicals in the skin can specifically influence the characteristics of an element of the cell membrane or intracellular organ or determine an inflammatory signaling cascade followed by the generation of various mediators of cell damage. In this manner, the utilization of antioxidant agents has indicated a positive effect on healing [65,66,67]. The mechanism of the antioxidant property of propolis is attributed to phenolic constituents that can donate hydrogen ions to free radicals to protect the cell from oxidation reactions. Propolis can eliminate free radicals, which are the main cause of lipids, nucleic acids, and proteins oxidation (Figure 6). Vanillin and phenolic acids are other constituents of propolis that can enter the epidermis or the dermis and protect them against free radicals, resulting after radiation or before the maturation of dermal cells aging.



Propolis accelerates skin wound healing by stimulating epithelial recovery, modulating extracellular matrix deposition, and facilitating granulation tissue formation. Subsequently, the antioxidant properties of propolis may be responsible for its defensive effects in cutaneous diseases. Burn wounds treated with propolis were found to have lower concentrations of free radicals [68].
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Figure 6. Molecular mechanism targeting the wound healing activity of propolis. Reprinted from [69]. 
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The antioxidant properties of phenolic acids and flavonoids are supplemented by their anti-inflammatory activity. Inflammation can be described as an interplay between the immune system and injured tissues planned to repair homeostasis through complex signaling pathways. The major constituents responsible for the anti-inflammatory activity of propolis are represented by flavonoids, steroids, amino acids (CAPE), terpenoids, phenolic acids, and their esters. The most important mechanisms related to the anti-inflammatory activity of propolis include the following actions: the inhibition of cyclooxygenase and consequent inhibition of prostaglandin biosynthesis; free radical scavenging; inhibition of nitric oxide synthesis; reduction in the concentration of inflammatory cytokines; and immunosuppressive activity [70]. The anti-inflammatory activity controls nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, ornithine decarboxylase, myeloperoxidase activity, hyaluronidase from guinea pig mast cells, and tyrosine-protein kinase. The outcomes of these activities are reflected in the following abilities limiting leukotriene and prostaglandin generation by white blood cells and retarding myeloperoxidase activity, ornithine decarboxylase, tyrosine-protein-kinase, and NADPH oxidase [63]. Propolis’s polyphenols and flavonoids constituents can remove free radicals from tissues. CAPE is the most investigated active biological constituent of propolis, responsible for decreasing inflammation by repressing the generation of chemokines and cytokines [71]. Burning is described as a post-traumatic inflammatory process that can lead to tissue injuries, infections, generation of toxic inflammatory mediators, oxidants and proteases, wounds, and even mortality. Because CAPE can reduce plasma levels of malondialdehyde and xanthine oxidase activity in patients affected by burns, it is regarded as a helpful agent in treating burn wounds.




2.3. Royal Jelly


Royal jelly (RJ) can be described as a white and viscous substance, soluble in water, having a density of 1.1 g/mL, similar to jelly, which is a type of hypopharyngeal and mandibular gland secretion from the worker bees. It is also called the “superfood” that is exclusively consumed by the queen bee. After hatching, royal jelly is also fed to the honeybee larvae and helps feed the young bees. Alongside the fact that it is typically the nutriment for the queen bee throughout their entire life cycle, it is also the specific food consumed by the immature young larvae in their first 2–3 days of maturation [69]. The morphological change of a larva into the queen bee is possible due to the presence of the royalactin compound of royal jelly. Due to this superfood, the queen bee lives longer than the worker bees. Royal jelly is extensively used as a dietary nutritional complex against a wide range of chronic health conditions. Moreover, in modern and traditional medicine, royal jelly is regarded as an efficient treatment for human beings [72,73]. Forager bees collect pollen with their hind leg corbiculae, and the following step adds nectar to obtain pollen pellets. The pollen pellets are deposited and packed by the worker bees into cells surrounding the brood area, and therefore, bee bread is obtained. Nurse bees possess enlarged food glands and produce RJ after they feed themselves with honey and bee bread [74].



RJ’s chemical composition is influenced by seasons and medium characteristics around the region where the bees inhabit and forage. It also depends on the race and caste of the honeybee, on the time when the royal jelly is collected, and on physiological and metabolic variations between the nurse bees [75]. RJ is an acid colloid (3.6–4.2 pH), and the main constituents include water, proteins, sugar, lipids, vitamins, and different mineral salts. RJ contains water in a range of 60% to 70%, carbohydrates from 11% to 23%, proteins from 9% to 18%, lipids from 4% to 8%, and reduced quantities of vitamins and mineral salts [76]. From a chemical point of view, royal jelly is an emulsion of sugars, proteins, and lipids in water. It contains about 1.5% mineral salts, mainly iron, copper, zinc, calcium, manganese, potassium, sodium salts, and also small quantities of flavonoids, polyphenols, and vitamins, including inositol, biotin, niacin, folic acid, pantothenic acid, thiamine, riboflavin, and vitamin E. The variety of flavonoids found in royal jelly includes flavanones (hesperetin, naringenin, and isosakuranetin), flavones (such as cacetin, apigenin, and its glucoside, chrysin, and luteolin glucoside), flavonols (kaempferol and isorhamnetin glucosides), and isoflavonoids (genistein, coumestrol, and formononetin) [77,78]. In addition to water, protein, carbohydrates, lipids, mineral salts, and vitamins, which are the most important constituents of RJ, some bioactive elements such as 10-hydroxy-2-decenoic acid (10-HDA), adenosine, acetylcholine, polyphenols, adenosine monophosphate (AMP) N1 oxide, and some hormones enter in the composition RJ. This type of bee product has a significant role in various biological and health-promoting activities [79].



RJ is considered to possess different pharmacological activities in vitro, in vivo in experimental animals, and in clinical studies, including antitumor, antimicrobial, antihypercholesterolemic, and anti-inflammatory activities, vasodilative and hypotensive activities, and an increase in growth rate (Figure 7).



The clinical significance of RJ has been documented in ancient times, and it was demonstrated that an aqueous solution of pure RJ possesses a strong antibacterial activity towards a wide range of bacteria. Several studies point out that the agent responsible for the antibacterial property of RJ is a special molecule of 10-hydroxy-2-decenoic acid (10HDA), which is the essential fatty acid found in RJ [80]. The carboxylic acids that are found in RJ are known to apply antimicrobial features against fungi, Gram-positive, and Gram-negative bacteria. 10-HAD possesses strong antibacterial activity, specifically against Escherichia coli (E. coli), Bacillus subtilis (B. subtilis), and Staphylococcus aureus (S. aureus) [81]. Additionally, royalisin, a 51 amino acid peptide, which is like the hemolymph defensin-1, was reported to have antibacterial activity against numerous Gram-positive bacteria, such as Micrococcus luteus, Staphylococcus, B. subtilis, Streptococcus, Sarcina lutea, Lactobacillus helveticus, Clostridium, Paenibacillus larvae, Corynebacterium, and Leuconostoc. However, against Serratia marcescens and the Gram-negative E. coli, no inhibition has been identified. Royalisin also determines the antifungal activity against Botrytis cinerea [82]. Moreover, it has also been found that the antimicrobial peptide royalisin can protect wounds against infection.



The anti-inflammatory action of RJ is indicated by decreasing exudation and collagen formation in granulation tissue and increased wound healing in streptozotocin-induced diabetic rats. RJ is also responsible for reducing the recovery period in desquamated skin injuries [80]. The wound healing response is promoted by RJ, which can manage dermal infection caused by methicillin-resistant S. aureus (MRSA). Water-soluble proteins of RJ and its fractions initiate transitory and proliferative impacts on a human epidermal keratinocyte in a scratch wound model [83].



The defensin-1 peptide from RJ has a significant role in skin regeneration and cutaneous wound closure by stimulating matrix metalloproteinase-9 secretion and keratinocyte migration [84]. Royal jelly stimulates re-epithelization of the wound. The accelerated production of MMP-9 (matrix metalloproteinase-9) is determined by keratinocytes after applying a water extract of royal jelly. After using a water extract of royal jelly, increased wound closure rates and elevated keratinocyte migration was detected. MMP-9 production is stimulated by defensin-1, which can enhance re-epithelization and wound closure. Defensin-1 has a similar role as in honey. It determines cutaneous wound closure by increasing MMP-9 secretion and keratinocyte production [85]. RJ enhances skin regeneration after wounds, while major royal jelly protein 3 (MRJP3) represses the production of pro-inflammatory cytokines and enacts keratinocytes involved in wound treatment. The inflammation is reduced due to the hormone-like effects of royal jelly, while collagen secretion is determined by 10HDA. RJ has a strong impact on the healing period of desquamated skin injuries by reducing it along with exudation. Moreover, it can accelerate the wound healing period and also enhance the formation of collagen in granulation tissue formation [86].



It is well known that RJ is obtained after the digestion of bee pollen by natural enzymes in the honeybee, and RJ has a similar composition to the bee pollen, including all pollen phenolic compounds. Therefore, phenolic compounds, peptides, and proteins are those that determine the antioxidant activity of RJ [87]. The anti-inflammatory activity of royal jelly makes it effective in several health issues such as periodontal diseases’ inflammation of the oral cavity, throat, and tongue. Its ability to suppress the secretion of pro-inflammatory cytokines determines the anti-inflammatory activity and wound healing [85]. Peptides with amino acid residues possess radical scavenging features. The antioxidant effects of royal jelly make it suitable as an anti-aging product [79].



Antiallergenic and immunomodulatory features of royal jelly are associated with the fatty acid properties isolated from it. 3-10-dihydroxydecanoic acid and 10HDA inflect immune response and decrease the concentration of IL-10 and IL-2. Royal jelly’s anti-inflammatory and immunomodulatory activities are suitable in treating atopic dermatitis, hyperkeratosis, epidermis and dermis inflammation, or hypertrophy, most probably via a combination of TNF-specific low adjustment of IFN-gamma unique secretion and excessive adjustment of nitric-oxide synthase expression. Another element in RJ is 10-hydroxy-trans-2-decenoic acid, which stimulates fibroblast collagen production by inducing the secretion of transforming growth factors. Therefore, royal jelly influences collagen secretion, which represents a significant component that supports the skin. Royal jelly is particularly moisturizing and impacts hydration of the stratum corneum by retaining water in it. As a result, the skin becomes more elastic and highly moisturized [85].




2.4. Bee Pollen


Pollen is the male gamete produced by the anthers of seed-bearing plants (gymnosperms and angiosperms). These male gametes—germ cells—fuse with female gametes for fertilization. Most flowering plants require pollinators to transfer from male anther to female stigma, known as pollination. Bees play an important role as a pollinator. Adult workers forager honeybees collect and gather pollen from the field, bring it back to the hive, and use it as a primary food source. Thus, pollen plays a crucial role in maintaining pollinator health [88]. Bee pollen is the main source of important nutrients and phytochemicals that honeybees collect to feed their larvae. It is a mixture of floral pollen, nectar, and mouth secretions of bees, accumulated as pellets of different colors, sizes, and morphology [89].



The chemical composition of bee pollen depends on the plants the worker bees gather the pollen from and may vary from hour to hour, day to day, week to week, colony to colony, even in the same apiary. Although there is no specific chemical composition, the average composition is reported to be 40–60% simple sugars (fructose and glucose), 20–60% proteins, 3% minerals, and vitamins, 1–32% fatty acids, and 5% diverse other components including considerable amounts of vitamins, flavonoids, and phenolic acids (Figure 8a) [90]. Due to the presence of different types of metabolites, this bee product has attracted attention in the medical field and has been used in various therapeutic applications. (Figure 8b) [91].



The bee pollen collected by worker bees contains nutrients that are usually needed by the body and bioactive substances such as flavonoids, carotenoids, phospholipids, and polyunsaturated fatty acids. Among them, flavonoids have antibacterial, antiviral, antitumor, antioxidation, anti-inflammatory, analgesic, anti-aging, antiradiation, and other pharmacological activities alongside liver, heart, and bone protection [93]. The physicochemical properties of bee-collected pollen can be affected by processing techniques and storage conditions. Pollen freshly collected by honeybees contains water from 15% to 30% (w/w). Therefore, it needs to be promptly processed to boost its physicochemical stability, avoiding microbial development [94]. The pollen quality can be roughly judged based on its color linked to plant pigments like carotenoids and anthocyanins, inherently found in different concentrations in pollen. The bee pollen contains all shades of color, from white to black. However, the pollen collected from the same plant source may have different colors, and sometimes, the bee pollen from various botanical origins can be similar [95]. The pollen collected in the spring is significantly different in terms of amino acid content compared to the pollen load collected by bees in the summer. The carotenoids and vitamin C contents in pollen loads collected from various plants are differentiated [96]. In the process of healing burn wounds, the bee pollen ointment helps by preventing infection in the area of newly formed tissue [97].



Bee pollen is often referred to as “nature’s most perfect food” because it is a complete protein (typically containing 10–35% total protein), meaning it contains all eight essential amino acids. It also provides B vitamins, vitamin C, carotenes, minerals, DNA, RNA, numerous flavonoid molecules, and plant hormones. Pollen has similar nutritional qualities to propolis and royal jelly but considerably higher levels of different biologically active compounds, such as phospholipids and vitamins.



Bee pollen possesses around 70% of biologically active substances. This honeybee product is demonstrated to exhibit multiple effects such as antibacterial, cardioprotective, nutritive, hepatoprotective, immunostimulant, antioxidative, anticancerous, antianemic, and anti-inflammatory effects. The most important activities of bee pollen are included in Table 3 [98].



Due to the presence of flavonoids and phenolic acids in bee pollen, the ethanol extracts of this bee product exhibited an important antibacterial activity against Gram-negative and Gram-positive bacteria but also pathogenic fungi. Flavonoids have an inhibitory activity on bacteria by affecting their metabolism. The main mechanism refers to the formation of various complexes at the surface of the bacterial cell wall after exposure to polypeptides and enzymes, which affect the cell wall integrity and block the ion channels and the electron flow implicated in the synthesis of adenosine triphosphate (ATP) [98].



The previous antimicrobial studies of bee pollen exerted strong antimicrobial activities on several bacterial strains: E. coli, Bacillus cereus (B. cereus), B. subtilis, S. aureus, Salmonella enteritidis (S. enteritidis), L. monocytogenes, and P. aeruginosa. Additionally, these extracts also exhibited antifungal effects on various types of bacteria including Rhodotorula mucilaginosa, Aspergillus fumigatus, Candida glabrata, Aspergillus flavus, Candida krusei (C. krusei), Aspergillus niger, Candida tropicalis, Candida albicans (C. albicans), Candida parapsilosis, and Geotrichum candidum. Moreover, researchers found that the lipophilic fractions of bee pollen originating from three different floras could resist the growth of several Gram-positive bacteria. The antimicrobial and antifungal properties of bee pollen help prevent and aid in managing bacterial and fungal infections, respectively [30]. The lowest inhibitory activity of bee pollen was registered against P. aeruginosa with various research papers indicating that the minimum inhibitory concentration (MIC) values reported against S. aureus were lower than against P. aeruginosa. An explication could be related to the structural differences of the cell wall of the Gram-negative bacteria, which is more complex than in the case of Gram-positive bacteria [99].



Bee pollen antioxidant properties depend on the origin of the flora and the presence of phenolic and polyphenolic components, one of the most important being flavonoids. Samples of bee pollen extracted from various flora were investigated, and the most common constituents found were kaempferol, flavonoids tricetin, myricetin, luteolin, isorhamnetin isoquercetin, and selagin. The phenolic composition is similar for these constituents, but a distinctive ratio was observed. Researchers focused more on the scavenging activity and ROS’s antioxidant power. Both of these bioactivities are having an impact on the potentiation of clinical studies on various diseases, including cardiovascular problems, diabetes, obesity, hypertension, obesity, or even degenerative pathologies (Alzheimer’s disease, Huntington’s disease, arthritis, and Parkinson’s disease). Studies revealed that an increase in ROS concentration in cells leads to oxidative stress. The increase can be induced by environmental factors, including exogenous and endogenous types. Cell membrane and DNA destruction are a result of increased ROS levels. These effects are related to cellular response and are responsible for chronic inflammation generation [100].



Another important property of bee pollen is its significant anti-inflammatory activity. Its relevance is similar to anti-inflammatory medicines, including indomethacin, naproxen, phenylbutazone, and analgin. The anti-inflammatory activity has a complex mechanism that includes inhibition activity of lipoxygenase and cyclooxygenase. These enzymes can transform arachidonic acid into prostaglandin and leukotrienes, which have a toxic effect by creating acute and chronic inflammatory conditions in tissues.



Substantial evidence suggests that pollen compounds (polyphenols or flavonoids) may exert beneficial effects on numerous cells (macrophages, T cells, B cells, NK cells, hepatocytes, mast cells, basophils, neutrophils, and eosinophils), which play a crucial role in host defense against invading pathogens and in inflammatory processes. The anti-inflammatory action of flavonoids may result from the activity of quercetin, which is known to inhibit arachidonic acid metabolism. A decrease in the arachidonic acid level reduces the level of pro-inflammatory prostaglandins and provides an anti-inflammatory effect. As a result, good effects for local pain elimination and prevention of platelet aggregation are observed after the application of bee pollen [101].




2.5. Beeswax


Beeswax can be defined as a complex lipid incorporating organic constituents displayed in a liquid form, being a result of the specialized wax glands of the bees. Beeswax is initially glass-clear and colorless, becoming opaque after mastication and adulteration with pollen by the hive worker bees. In addition, the wax becomes progressively more yellow or brown with the incorporation of pollen oils and propolis. Beeswax has a relatively low melting point range of 62 °C to 64 °C (144 °F to 147 °F). If beeswax is heated above 85 °C (185 °F), discoloration occurs. The taste of beeswax is normally pleasant and is not specific—any unpleasant taste is a sign of quality deterioration due to foreign matter. The odor should be pleasant and honey-like [102]. In contact with air, the liquid form is transformed into a solid form of scales [103].



Wax is collected and reused in apiculture and other sectors, such as food, chemical, pharmaceutical, or cosmetics. In the agri-food industry, beeswax is used as a food additive (E901), as a glazing agent in the preparation of pastries, for the treatment of some fruits, as a food supplement, and as a flavor carrier. Beeswax plays a role as a binder, thickener, and drug carrier and releases retardant in pharmaceutical preparations [104,105,106]. It is most appreciated in the medical field. Cytokines in the skin cells are increasing due to beeswax’s special properties, such as antibacterial and antioxidant activities [107].



Its chemical composition is represented by a combination of almost 300 constituents with a different ratios, such as fatty acid esters (approximatively 67%), free fatty acids (12–14%), diesters, hydrocarbons (among 12–16%), fatty alcohol (approximatively 1%), and exogenous substances (propolis and pollen residues, and a reduced number of floral constituents) [103,104]. The structure of beeswax is crystalline. The crystallization of beeswax depends on the storage. The crystallization process increases upon storage of wax until 3–4 months, while at the same time, its stiffness and elasticity increase. The mechanical properties of wax are important in connection with its use as “the house of the bees”. Beeswax is also insoluble in water and resistant to many acids. It is soluble in most organic solvents such as acetone, ether, benzene, xylol, toluene, benzene, chloroform, and tetrachloromethane. However, at room temperature, it does not fully dissolve in any of these solvents, but upon heating above the wax melting point, it is readily soluble in all of them and also in ethanol [108].



Beeswax is also a product that has positive effects on the wound healing process when used in wound care and treatment, thanks to flavonoids and antioxidants. When applied topically, the antibacterial and antifungal compounds from its composition can affect the production of cytokines by skin cells [109]. Moreover, beeswax has anti-inflammatory and antimicrobial activities, especially in wound management as well as anti-stress and antioxidant effects [110].



Most of the studies published in recent years focus especially on the antibacterial properties of natural products and mostly on beeswax among all the other bee products. Unprocessed beeswax was observed to have antibacterial inhibition against different types of bacteria and also C. albicans yeast. It was demonstrated that the efficiency of beeswax can be detected against some Gram-positive bacteria including S. epidermis, Streptococcus Pyogenes (S. pyogenes), and S. aureus but also on P. aeruginosa, B. subtilis, and E. coli as part of Gram-negative bacteria. A smaller impact was shown among C. albicans while against Proteus mirabilis and Salmonella typhimurium, beeswax proved to have no effect. Additional research and testing were conducted especially on the mixture of beeswax with other honeybee products/natural products, to evaluate their antimicrobial efficiency. The synergy between honey, olive oil, and beeswax was demonstrated to have an important impact against C. albicans and S. aureus [111,112].



Another combination of beeswax with propolis extract, honey, and olive oil was applied to healing chemotherapy-induced mucositis, and the results indicated it to be more efficient, especially in patients with severe degrees of mucositis. The mixture of beeswax with honey and olive oil, in particular, indicated similar activity to Nystatin cream when is applied against C. albicans. Therefore, the combination of Nystatin cream with this type of natural mixture could enhance the healing process. This mixture was also demonstrated to have better efficiency in wound management of canine deep second-degree burns with great impact in the veterinary field [111,113].




2.6. Bee Venom


Another honeybee product that has been used as a natural product in the treatment of various diseases due to its special properties is bee venom (BV). This hive product is obtained from the venom gland of the honeybee [114]. Bee venom chemical composition was investigated and was found to have among 20 bioactive substances, which are responsible for their specific properties such as antitumoral, antinociceptive, antirheumatic, anti-inflammatory, neuroprotective, antiarthritic, antimicrobial, and antidiabetic. These substances can be classified as peptides, bioactive amines, sugars, phospholipids, enzymes, amino acids, pheromones, and minerals. The most important peptide from its composition is melittin, followed by apamin and adolapin [115]. Melittin represents 40–60% of bee venom composition, the main peptide constituent. This peptide has a hydrophilic carboxyl-terminal region (with lytic activity) and a hydrophobic amino-terminal region (no lytic activity). Due to the amphipathic activity of this peptide, bee venom is soluble in water in both forms: tetrameric and monomeric. This property helps melittin to integrate into membranes by damaging the phospholipid bilayers [116].



Apamin represents the smallest neurotoxin from bee venom composition, being an 18-amino acid peptide. The percentage of this peptide in bee venom dried form is about 37–44% and has a great contribution to the biological function of this bee product. In various studies, it was reflected that apamin possesses important antinociceptive and anti-inflammatory functions. The peptide can block Ca2+-activated K+ channels, and according to this action, the cell membranes permeability is affected by the potassium ions. Central nervous system function can also be affected due to apamin ability to enter across the blood–brain barrier [117]. PLA2 (phospholipase A2) enzyme is the main allergen from bee venom composition, and its activity is related to pain and inflammation [118].



Researchers have investigated the antimicrobial activity of bee venom and demonstrated that melittin and PLA2 are the main components responsible for this activity type. The outcomes indicated that bee venom components inhibit Gram-negative and Gram-positive bacteria, having an important impact also against Candida genus species by inducing antifungal effects [119].



Bee venom has great potential as a wound dressing component, accelerating skin regeneration and promoting the healing process of diabetic wounds, especially due to its anti-inflammatory activity. Hypoxia affects the rate of wound healing by lowering it. Insufficient recruitment of macrophages and neutrophils into the wound environment delays the start of the inflammatory phase and, therefore, the healing process is affected. Hypoxia is also responsible for enhancing the early inflammatory response by prolonging inflammatory cytokines release. The oxidative stress is enhanced by hyperglycemia, leading to various dysfunctions affecting T cell immunity and phagocytosis and causing dysfunctions of fibroblasts. The accumulation of reactive oxygen species (ROS) increases cellular damage, which is also affecting neovascularization. The healing process is also affected by lower angiogenesis, impaired lymphangiogenesis, and a higher rate of apoptosis [120]. This apitherapeutic agent has numerous other clinical applications in autoimmune diseases and osteoarthritis and in neurodegenerative affections, including Parkinson’s and Alzheimer’s. Due to its antinociceptive activity, bee venom is responsible for reducing and treating chronic pain. Amine constituents have an important impact on the nervous system due to their biological effects [121].





3. Skin Regeneration Applications


3.1. Formulations Based on Honey


Over the years, various studies have been conducted on the use of honey in treating skin injuries due to the antimicrobial and anti-inflammatory properties that this natural product possesses. Hence, honey has often been incorporated into hydrogels to streamline wound healing. This bee product enhances fibroblast and macrophage activities in the wound environment lowers protease function and raises hemoglobin oxygen release. The wound is sterilized by the presence of hydrogen peroxide, which is also responsible for promoting the development of endothelial vascular growth factors [122].



El-kased et al. evaluated the healing potential of hydrogel formulation with different concentrations of incorporated honey (25%, 50%, and 75% w/w), obtained through the cold mechanical method. Half of the samples used chitosan as a polymer, while the other half used a polyacrylic acid polymer or Carbopol 934. The samples were investigated in vitro to see honey’s release profile using dialysis bags and in vivo on 10 albino mice. The results indicated that the honey release profile depends on the type of polymer used in the hydrogel and on the percentage of honey. The largest amount of honey released is recorded in the case of 75% honey chitosan hydrogel, while the smallest amount is shown in the case where the honey concentration was 25%, and the polymer was Carbopol 934. An explanation could be related to the rheology of Carbopol due to the multiple cross-linkages per polymer. Honey hydrogel samples were tested against the most common strains responsible for bacterial infections: P. aeruginosa, S. aureus, Klebsiella pneumonia, and S. pyogenes using the disc diffusion antibiotic sensitivity test. According to the results, as the amount of honey increases, so does the ability to inhibit bacteria, and regarding the type of hydrogel, honey-based chitosan showed better antimicrobial activity than Carbopol 934 [123].



Movaffagh et al. also evaluated the healing potential of honey chitosan hydrogel on skin mice after an induced third-degree burn. Regarding the histopathological indices, the test was performed on Wistar rats, and the examination was made on days 3, 7, and 14. Initially, the proportion of healing was similar for all the samples, but after two weeks of treatment, the highest re-epithelization was identified in the case of pure honey. The histopathological sections confirmed that using hydrogel-based honey and chitosan showed major healing outcomes, indicated by the development of new blood vessels and epidermal regeneration. The researchers demonstrated that the samples with a higher amount of honey are more efficient in the healing process and not only in bacteria inhibition [124].



Combarros-Fuertes et al. increased the area of investigation in another study where they evaluated the antibacterial potential of three different types of honey on the same substrate of bacteria. They investigated avocado honey (AH), chestnut honey (ChH), and polyfloral honey (PH) and their effects on E. coli and S. aureus. These types of honey were chosen due to their superior antibacterial properties from up to 16 types of honey. The results indicated that the samples with polyfloral and chestnut honey seem to have small improvements compared to those with avocado honey, but the differences are quite small [125].



To improve its antimicrobial activity, Jenkins and Cooper combined honey with antibiotics and tested the resulting formulations against S. aureus. Samples containing antibiotics or antibiotics and 5% manuka honey were tested against Epidemic Methicillin-Resistant S. aureus (EMRSA-15). According to the results, samples without honey showed a decreased inhibitory activity compared with samples containing honey. The addition of honey in the case of Imipenem and Rifampicin antibiotics indicated a significant improvement in the diameter of inhibition, followed by Tetracycline, Erythromycin, and Mupirocin. In the case of Gentamicin, the addition of honey decreased the inhibition diameter. The addition of honey showed improved inhibition activity against EMRSA-15 in almost all the antibiotics except Cephalexin and Amoxicillin, where no improvement was observed; antibiotics with or without honey had the same inhibitory activity [126].



Researchers investigated the antibacterial and skin wound healing effects of a hydrogel sheet based on honey, chitosan, and gelatin in another study. According to the outcomes, the samples without honey or chitosan indicated a lower inhibitory activity against E. coli and S. aureus (50%) than the samples containing honey-loaded chitosan-gelatin hydrogel which indicated 100% effectiveness on these bacteria strains. These results reveal that honey’s addition to chitosan hydrogels enhances the antibacterial effect. Compared with commercial ointment, the hydrogel sheet indicated a 20% higher healing in the burn area [127].



Formulation of curcumin and honey incorporated in chitosan and alginate by simple mixing and using an in situ polymerization method indicated a good swelling capacity and bio adhesion, good drug diffusion, good water vapor transmission, and well as a great tensile strength. The obtained dressings accelerated the re-epithelization process and induced tissue granulation according to the in vivo tests, and in one week, the wound was completely healed [128].



Another interesting work of Rafati et al. refers to the development of bio-nanocomposite hydrogel wound dressings by the freezing–thawing cyclic method. The hydrogel incorporates natural antibiotics such as honey, clay nanoparticles, polyvinyl alcohol (PVA), and egg white [129]. The hydrogel properties such as swelling and dehydration were optimized by the increased number of clay nanoparticles. The honey release was also controlled by the clay nanoparticles. Outcomes of in vivo tests indicated a decrease in the wound surface of all animals, and the bio-nanocomposite hydrogel showed better healing than in the case of the control group. The properties of these bio-nanocomposite enhance the healing process especially due to their ability to maintain a wet environment in the wound area and due to the proteins from the egg white [130].



Santos et al. developed a formulation based on PVA and sodium carboxymethylcellulose, starch, and gelation to prepare manuka honey-based cryogels. Honey cryogels indicated the highest swelling capacities, degradation, and lower gel fractions. According to the results, the manuka honey solutions indicated an inhibitory activity against S. aureus due to the nonperoxide components. The concentration of manuka honey determines the sample’s effectiveness and acts like a co-adjuvant to antibiotics when applied against bacteria strains [131]. Other researchers focused on obtaining a hydrogel-based drug delivery system using colloidal nanosilver as a base for honey incorporation to enhance wound healing activity. The results indicated a better healing activity of formula containing 3.5% chitosan and 40% honey along with nanosilver due to chitosan properties, as it accelerates the epithelialization process and, therefore, the rate of wound healing. Honey has a significant role in modulating wound healing when incorporated into chitosan. These parameters assure a cost-effective, nontoxic, natural honey hydrogel delivery system that improves healing, and further investigations could be developed for clinical applications [132].




3.2. Formulations Based on Propolis


As in the case of honey, the biological effects of propolis are related to the origin and type of these bee products. The diversity of propolis attracts different properties, and the best-studied propolis is the poplar type. Governa et al. evaluated the antibacterial property of poplar propolis against Gram-positive and Gram-negative strains, including S. aureus, S. epidermidis, S. pyogenes, Streptococcus pneumoniae (S. pneumoniae), E. coli, and P. aeruginosa. Poplar propolis was more efficient against Gram-positive bacteria than Gram-negative bacteria, except S. epidermis [133]. Comparative with the antimicrobial activity of honey, which is more effective against Gram-negative bacteria, one can state that propolis and honey have different actions regarding antibacterial properties.



Abdullah et al. also investigated the antimicrobial activity of propolis, but they used another type, namely the propolis of the H. itama stingless bee species. The results of the study indicated that the inhibition zone of the S. aureus and B. subtilis were significantly higher than those of E. coli, which registered a lower inhibition zone. A small difference was identified in the inhibition zone of P. aeruginosa, meaning that propolis particles do not have significant inhibitory activity against this type of bacteria, specifically on Gram-negative strains. When compared with commercial antibiotics, propolis indicated better antibacterial activity, which means that propolis can be used as a natural antibiotic in the fight against infections [134].



In current years, researchers focused on mixing honey and propolis to establish if there is a synergistic effect in the treatment of wounds. Afonso et al. investigated the antioxidant activity of the honey and propolis mix and its in vitro wound healing activity. Dark brown honey showed the highest antioxidant activity, while light yellow indicated low antioxidant by βCarotene bleaching test. In the case of propolis samples, the most concentrated was observed to be the most effective as an antioxidant, while the mixture of honey and propolis registered an improvement towards samples with only honey. The propolis concentration in the mixture showed small differences in the efficiency as an antioxidant; therefore, the antioxidant activity is not related so much to the concentration but to the combination of propolis with honey. Regarding the anti-inflammatory activity, according to the results, the addition of propolis indicated a better anti-inflammatory activity than the samples with honey or propolis extract [135].



In another study, Abbaszadeh et al. investigated the effects of propolis incorporated in a chitosan biofilm in the process of wound healing. The results showed that the group treated with propolis and chitosan nanoparticles biofilm indicated a higher contraction area, significant improvements were observed after day 9, and the best results were obtained after 21 days. Compared with the other groups, the most efficient seems to be the treatment with propolis pasta. In all cases, the wound contraction area decreased progressively, but the most suitable treatment was applied for groups treated with a propolis and chitosan nanoparticles biofilm [136].



A different proposed strategy to enhance the multiple biological properties of propolis was the encapsulation of the bee product into liposomes. Aytekin et al. developed a drug delivery system by encapsulating Turkish propolis into liposomes using a mix of the main phosphatidylcholine stabilized with ascorbyl palmitate named phospholipon 90G as lipid matrix, using an ethanol injection method. They focused on in vitro evaluation of the antioxidant and antimicrobial activity of this system and demonstrated that encapsulated propolis extract indicated a better antimicrobial inhibition than free propolis against Gram-negative and Gram-positive bacteria and also suggested a significant inhibitory impact against fungi such as C. krusei and C. albicans. After the encapsulation, the DPPH assay indicated that the antioxidant capacity was maintained and pointed out the importance of these nanoparticles’ implementation into wound dressing agents or additives in dermal treatments [137].



Another piece of research on in vivo and in vitro studies has indicated that propolis combined with polymeric wound dressings has an important impact on their usability in wound healing management. In a diabetic wound healing model, the propolis–PVA nanofiber wound dressing showed a faster wound closure after one week of treatment. On male rats with second-degree burns, propolis associated with natural rubber membrane enhances re-epithelization, collagen deposition, and regeneration and induces a decrease in the number of inflammatory cells in the animals [138]. In another study, researchers obtained a bilayer wound dressing based on a polycaprolactone/gelatin scaffold electrospun on a dense membrane. The results showed a reduced wound closure time due to the bilayer dressing and improved biodegradability, biocompatibility, and mechanical proprieties of dressings in wound management. The protection against infections in the wound is exhibited by the propolis component in the first layer of the dressing, which has a strong antibacterial and antifungal activity [139].




3.3. Formulations Based on Royal Jelly


Many studies have focused on the antimicrobial activity of royal jelly and the in vitro and in vivo wound healing properties of the antibacterial peptide defensin-1. Nascimento et al. investigated the biological characteristics of Brazilian royal jelly against the following bacteria: S. aureus, E. coli, Proteus mirabilis, S. epidermidis, S. pneumoniae, Klebsiella pneumoniae, S. enteritidis, and P. aeruginosa. According to the results, the royal jelly was effective against all bacteria. Still, the most susceptible to the samples was S. pneumoniae, which means that this bee product can be used in healing wound burns due to the presence of fatty acid 10H2DA [140].



Bucekova et al. continued the investigations into royal jelly and focused especially on defensin-1 antibacterial peptides and evaluated its potential in wound healing management. The obtained results indicated a significant increase in the wound healing rate, related to the higher concentration of water royal jelly. The presence of mitomycin has an influence only on the lower concentrations of water royal jelly extract, where the re-epithelization of the wound area was delayed. Compared with controls, the water royal jelly extract exhibited higher cell migration rates due to the chemoattractant properties of keratinocytes. Regarding the effects of r-Def-1, the wound closure rates exhibited a significant increase. After 24 h, the wound was almost complete after the treatment with r-Def-1. The wounds treated with royal jelly and defensin-1 indicated a more significant wound closure rate than the control, and after day 15, the epithelization was complete. An enhanced re-epithelization was observed on the wound treated with royal jelly and defensin-1, and after day 7, new blood vessels were formed. Therefore, similar wound healing activities were identified in the wound treated with royal jelly and defensin-1 peptide, which indicated that this type of treatment accelerates the healing process [84].



Royal jelly components like the fatty acid 10H2DA and defensin-1 peptide accelerated the wound healing process and made this bee product suitable for developing a wound dressing. The studies that focused on the antimicrobial properties of royal jelly demonstrated significant improvements in the re-epithelization process and the treatment of bacterial infections. According to another study, the inhibitory activity of 10-HDA against Paenibacillus larvae was significantly increased with the decrease of pH. 10-HDA is also highly effective against bacterial pathogens, including E. coli (hemolytic), Staphylococcusxylosus, S. aureus, Staphylococcus intermedius B, Streptococcus alactolyticus, Salmonella cholearasuis, and Vibro parahaemolyticus [141].



Monica Mierzejewski compared the antimicrobial activity of honey, propolis, and royal jelly to establish their effectiveness and also made a comparison with some common antibiotics to see if these natural products may replace the effects of typical antibiotics. The tests were made against Staphylococcus aureus, E. coli, S. epidermidis, and Bacillus cereus (B. cereus) [142]. According to the test results, honey exhibited significant inhibitory activity against S. aureus, E. coli, and B. cereus when compared with royal jelly and propolis, and the most reduced zone of inhibition was against S. epidermis. Royal jelly was the most effective against S. epidermidis, with a value quite similar to Kanamycin. Both propolis and royal jelly indicated similar inhibition values against B. cereus, and propolis exhibited the lowest efficiency against E. coli. Among all the antibiotics, penicillin indicated the worst inhibitory activity against all bacteria, while Kanamycin was the most efficient antibiotic against all bacteria except S. aureus, which was more inhibited by Tetracycline. Comparatively, honey was the most effective sample against E. coli, B. cereus, and S. aureus among all the bee products, followed by royal jelly with a significant impact against S. epidermidis. The lowest antimicrobial activity was registered by propolis, especially on E. coli. Honey and royal jelly, when compared with antibiotics, showed small differences toward Kanamycin and Tetracycline.




3.4. Formulations Based on Bee Pollen


Various studies focused on the important activities of bee pollen, its potential in the medical field, and its pathological features, especially on the fact that bee pollen modulates the burn wound healing process. Kaškonienė et al. compared the most important properties of natural bee pollen with pasteurized polyfloral bee pollen. Some samples were spontaneously fermented, and others used Lactobacillus rhamnosus and Lactococcus lactis bacteria to complete the fermentation process. The results indicated that the natural microflora of the bee pollen helps the fermentation process and provides a better antimicrobial and antioxidant activity (natural bee pollen) than the pasteurized bee pollen. The bee pollen’s biological activity was enhanced by the fermentation process. The improvements were dependent on the botanical origin of the pollen and also on the fermentation type (spontaneous or with added bacteria) [143].



Spulber et al. investigated the antimicrobial activity of fresh bee pollen collected from different apiaries in Romania and concluded that bee pollen ethanolic extracts possess different antimicrobial properties against various pathogenic species of microorganisms related to the botanical origins of pollen. The most sensitive bacteria is S. aureus to rape pollen extract. According to the results, bee pollen extracts exhibited a stronger antimicrobial activity against Gram-positive bacteria than Gram-negative bacteria species [144].



Kacaniova et al. revealed that microbial strains showed variable susceptibility depending on the solvent used to extract the bee pollen sample. E. coli has been the most susceptible type of bacteria when tested against a 70% ethanol extract. When compared with a 96% ethanol extract, the sample showed a lower impact on the strains. On P. aeruginosa, the most insignificant impact was registered, regardless of the solvent extracts. Therefore, the strain specificity depends on the used solvent (methanol or ethanol) or concentration (96% or 70% ethanol) [145].




3.5. Formulations Based on Beeswax


Gümüş and Karaman Özlü planned to investigate the effect of a mixture of beeswax, olive oil, and A. tinctoria (L.) Tausch on burn wounds to determine the impact on burn healing, pain during dressing changes, and duration of hospital stay. The researchers determined that the dressing applied to the experimental group of patients accelerated the process of epithelialization, reduced hospitalization durations, reduced the levels of pain experienced by the patients during dressing, and completely prevented wound site infections in the experimental group. These results suggest that this mixture may be considered an effective burn dressing for the care of second-degree burns [146].



In another study, Hromiš et al. added caraway essential oil and beeswax to chitosan to design natural, biodegradable, bioactive (antioxidant and antimicrobial) packaging film with good barrier properties towards water vapor, as well as air oxygen. The results suggested that mechanical properties of chitosan film were affected, thickness grew significantly, while the addition of beeswax deteriorated tensile properties and elongation. Moreover, beeswax addition lowered chitosan film sensitivity to ambient humidity, swelling in different pH and water solubility, widening the area of possible application of these films. In addition, when beeswax was added to the chitosan–caraway film, the water vapor transmission rate was significantly lowered [147].



Bayir et al. evaluated beeswax–olive oil–butter mixture and impregnated it into a bandage to be applied to a second-degree burn rat model. The mixture enhanced burn wound healing and contributed to skin renewal by modulating tissue factors such as TGF-β1 and VEGF-α. The outcomes indicated that bandages based on beeswax, olive oil, and butter mixture exhibited an improved therapeutic effect on the second-degree burn area. The results showed that the positive effects of this treatment can be observed in skin regeneration and wound management [107].



Another study made by Moustafa and Atiba compared the healing of deep second-degree burns treated with silver sulfadiazine and a mixture of honey, beeswax, and olive oil. The results indicated a decrease in inflammation and exudation following the mixture treatment more than silver sulfadiazine treatment and control but not significantly. The anti-inflammatory effects of mixture treatment can resolve the inflammatory process induced by burn injury. The mechanism of the therapeutic effects of the mixture on burn lesions might be attributed to the elevation of nitric oxide in the lesions, the inhibition of fungal or bacterial growth, the inhibition of leukotriene B4, and its antioxidant and anti-inflammatory activities [148].



An in vivo study developed by Ebrahimpour et al. indicated an acceleration of the healing process in second-degree burns on rats by using refined calcium hydroxide powder combined with beeswax and sesame oil [149]. According to the outcomes of all these studies, bee products possess specific antimicrobial activities against different types of bacteria and can be used as a potential natural antibiotic in the infection’s treatment.




3.6. Formulations Based on Bee Venom


The bactericidal and bacteriostatic activity of bee venom is related to the presence of melittin, which exhibits an important inhibitory effect against S. pyrogenes, S. aureus, and S. epidermis. Moreover, melittin has an impact in viral skin infections and fungi due to its capacity to affect and destroy the cell wall of the bacteria. Bee venom has great potential also against fungi, mostly inhibiting C. albicans, Trichophyton mentagrophytes, Malassezia furfur, and Trichophyton [85].



Researchers demonstrated that bee venom has an important impact on wound healing management thanks to its antioxidant, analgesic, anti-inflammatory, and antibacterial features. A topical formulation based on bee venom incorporated in chitosan films was applied to healing diabetic rats’ wounds. The outcomes revealed that the formulation showed biocompatibility to the skin and bee venom enhanced the anti-inflammatory activity of chitosan films. Moreover, the increase in collagen and b-defensin-2 (BD-2) expression indicated a higher rate of wound closure in diabetic mice [150].



In another study, the potential of melittin was investigated against a large spectrum of fungi, and it was demonstrated that micromolar concentrations of this peptide have a potent activity among them. Moreover, according to the results of the study, the mechanisms responsible for preventing fungus from growing were identified, such as modifications in fungal gene expression, permeabilization of the membrane, synthesis inhibition of (1,3)-β-d-glucan, and induction of apoptosis by ROS-mediated mitochondria/caspase-dependent pathway [151].



Another group of researchers focused on obtaining a hydrogel-based PVA and chitosan with bee venom incorporated and observed that the addition of bee venom improved the morphological, physical, and mechanical features. Moreover, the antioxidant and anti-inflammatory activities of the hydrogel enhanced the wound healing process in case of skin regeneration in diabetic patients. Topical preparations seem to minimize the systematic side effects; therefore, hydrogel formulations have good predictability regarding patient compliance [152].



The anti-inflammatory activity of apamin was also investigated on TNF-α and IFN-γ-induced inflammatory responses in human keratinocytes in case of atopic dermatitis. The activation of transcription factors such as JAK/STAT and NF-kB is prevented by the presence of apamin from the bee venom; these factors are correlated with inflammatory cytokines in TNF-α and IFN-β-treated human keratinocytes. According to the results, in atopic dermatitis, apamin plays a significant role especially due to its anti-inflammatory functions [153].





4. Remarks and Future Perspectives


Bee-derived products exhibit significant inhibitory activities against bacteria and can be used to treat wounds. Several studies suggested that bee products can replace the antimicrobial activity and efficiency of antibiotics, but further investigation is needed to establish the potential of a topical mixture including honey, royal jelly, and propolis.



The efficiency of honey against Gram-negative bacteria was better than in the case of Gram-positive bacteria, and the regeneration properties were significantly improved due to the special properties possessed by honey. Propolis indicated a significant inhibitory activity against Gram-positive bacteria and remarkable antioxidant activity, meaning that its addition can enhance the biological properties of honey. Royal jelly instead exhibited antimicrobial activity against specific bacteria types for which honey and royal jelly indicated low inhibitory activity. The fatty acid and the defensin-1 peptide in the composition of royal jelly showed an improvement in wound healing management. The application of bee pollen has good effects on local pain elimination and prevention of platelet aggregation, while the antibacterial and antifungal compounds of beeswax affect the production of cytokines by skin cells. These bee products seem to complete each other’s deficiencies, and their combination may have a better impact on the wound healing process.



Interestingly, a reduced number of studies investigated the activity of all these products mixed, and they focused on the properties of each product, not on their mixture. Together, these products may have more enhanced properties than their separate entities; therefore, next steps should be taken in this direction.
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Figure 1. Bee-derived products—main components and bioactivity. Reprinted from [23]. 
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Figure 2. Most common compounds identified in honey. Reprinted from [34]. 
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Figure 3. The constituents generating honey’s antimicrobial activity and their mechanisms. Reprinted from [38]. 
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Figure 4. Compositions of propolis. Reprinted from [52]. 
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Figure 5. Antibacterial activity of propolis. Reprinted from [52]. 
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Figure 7. Biological properties of royal jelly (adapted from [69]). 
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Figure 8. Bee pollen: (a) main constituents; (b) therapeutic applications (adapted from [92]). 
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Table 2. The pharmacological activity of chemical propolis compounds—adapted from [58].
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	Chemical Compounds
	Pharmacological Activity





	Acacetin
	Anti-inflammatory



	Apigenin
	Anti-inflammatory; Antimicrobial



	Artepilin C
	Antitumor activity; Antioxidative



	Caffeic acid phenethyl ester
	Antitumor activity; Anti-inflammatory



	Chrysin
	Anti-inflammatory; Antibacterial



	Caffeic acid
	Antifungal; Antiviral; Anti-inflammatory



	Cinnamic acid
	Anti-inflammatory



	Dicaffeoylquinic acid derivatives
	Hepatoprotective



	Ferulic acid, Galangin, Gallic acid
	Anti-inflammatory



	Protocatechuic acid
	Anti-inflamatory; Antibacterial



	Pinocembrin
	Antifungal; Antimold; Local anesthesia



	Propofol
	Antioxidative
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Table 3. Bee pollen—the biological properties and main mechanisms (Reprinted from [98]).
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	Property
	Description of the Biological Activity’s Mechanism





	Nutritive properties
	Presence of carbohydrates, proteins, lipids, exogenous amino acids, unsaturated fatty acids, phytosterols, bioelements, phospholipids, and vitamins.



	Antioxidative properties
	Complexing metals; hydroxyl radicals are eliminated.



	Cardioprotective properties
	Inhibition of blood platelets aggregation and ACE activity are inhibited.



	Hepatoprotective properties
	The activity of detoxifying in industrial poisoning; lipofuscin reduction.



	Anti-inflammatory properties
	Inhibitory activity of NO production and COX-2.



	Antibacterial properties
	Bacteria metabolism is affected in the case of Pseudomonas aeruginosa (P. aeruginosa), Staphylococcus epidermis (S. epidermis), B. cerus, E. coli, S. aureus, Listeria monocytogenes (L. monocytogenes), B. subtilis, and Salmonella enterica



	Anticarcinogenic properties
	Brassica camperstris L. bee pollen extract is responsible for decreasing the expression of antiapoptotic proteins and for caspase-3 enzyme activity increase; 17β-estradiol activity is inhibited by Salix alba L. and Cistus incanus L. bee pollens.



	Antianaemic properties
	Hemoglobin level is increasing while blood platelets number is decreasing.



	Bone tissue effects
	Cystus ladaniferus L. bee pollen is responsible for increasing alkaline phosphatase level, resorption inhibition of the femur, and osteoclastic cell formation.
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