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Abstract

:

Naringenin (NRG) is a polyphenolic phytochemical belonging to the class of flavanones and is widely distributed in citrus fruits and some other fruits such as bergamot, tomatoes, cocoa, and cherries. NRG presents several interesting pharmacological properties, such as anti-cancer, anti-oxidant, and anti-inflammatory activities. However, the therapeutic potential of NRG is hampered due to its hydrophobic nature, which leads to poor bioavailability. Here, we review a wide range of nanocarriers that have been used as delivery systems for NRG, including polymeric nanoparticles, micelles, liposomes, solid lipid nanoparticles (SLNs), nanostructured lipid carriers (NLCs), nanosuspensions, and nanoemulsions. These nanomedicine formulations of NRG have been applied as a potential treatment for several diseases, using a wide range of in vitro, ex vivo, and in vivo models and different routes of administration. From this review, it can be concluded that NRG is a potential therapeutic option for the treatment of various diseases such as cancer, neurological disorders, liver diseases, ocular disorders, inflammatory diseases, skin diseases, and diabetes when formulated in the appropriate nanocarriers.
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1. Introduction


Flavonoids, as polyphenol components with more than 4000 varieties, are among the most attractive classes of bioactive materials found in fruits, vegetables, medical herbs, and beverages. They show interesting physiological effects, such as free radical scavenging, metal chelation, induction of cell apoptosis, and prevention of cell proliferation. They are categorized into different classes, including flavones, isoflavones, flavonols, flavanones, and anthocyanidins. One of the most important and interesting flavonoids from the pharmaceutical point of view is naringenin (NRG) [1,2,3,4,5].



NRG is a type of flavanone (Figure 1), discovered in 1907 by Power and Tutin, as chalcone. The chemical nomenclature of this hydrophobic molecule is 2,3-dihydro-5,7-dihydroxy-2-(4-hydroxyphenyl) 4H-1-benzopyran-4-one. NRG is soluble in organic solvents such as alcohol and can be found in both the aglycol form, NRG, or in its glycosidic form. It is naturally present in citrus fruits such as oranges, lemons, grapes, tangerine, grapefruits, and other fruits such as bergamot, tomatoes, cocoa, and cherries [6,7,8,9,10,11,12]. According to PubChem, NRG is a solid with a melting point of 83 °C. It presents a molecular weight of 580.5 g/mol, a logP of -0.44 and a solubility of 1 mg/mL at 40 °C in water [13].



NRG presents several important interesting properties from the pharmacological point of view, such as anti-cancer properties, insulin-like actions for diabetes treatment, antioxidant and anti-inflammatory effects in hypertension conditions, and several other features such as anti-mutagenic, anti-proliferation, anti-fibrogenic, anti-atherogenic, antibacterial, anti-atherosclerotic, neuroprotective, antidiabetic, immunomodulatory, hepatoprotective, cardioprotective, and oxidative stress reversing properties [14,15,16,17,18,19,20,21,22,23,24,25]. Indeed, NRG could scavenge the hydroxyl and superoxide radicals, thus reducing their effect on biomolecules (such as proteins, lipids, and DNAs) in inflammatory or oxidation conditions. It can also induce cytotoxic and apoptotic effects and prevent cell proliferation (even at low concentrations) in different types of cancer cells [26,27,28,29,30,31,32,33]. It can down-regulate the pro-inflammatory mediators, such as the intercellular adhesion molecule-1 (ICAM-1), cyclo-oxygenase-2 (COX-2), tumor necrosis factor-α (TNF-α), and interleukin-6 (IL-6) for controlling diabetes and preventing obesity via reduction of the total amount of cholesterol and triglyceride contents in plasma and liver [34,35,36,37]. It also shows antibacterial activity against different bacterial strains [19,38,39,40].



Unfortunately, the in vivo bioavailability of NRG is very low, as a result of its hydrophobic nature, thus limiting its practical use. It shows a short half-life and is rapidly converted to its crystalline form, which has a low absorption through the digestive system [41,42,43,44]. These limitations in the use of NRG have led to several efforts to improve its bioavailability. One of the most promising candidates is the use of delivery systems at the nano-scale range. Nanomaterials present several advantages for drug delivery, as they can protect the drug during storage and after administration. They also allow controlled release and targeting to specific organs or tissues, improving their performance via increasing their bioavailability and reducing their undesirable side effects. The nanosize of these components and their engineered surface helps them pass through the vessels to reach a specific organ [45,46,47,48,49,50,51,52,53,54,55,56,57]. Thus, nanocarriers have been extensively used for the encapsulation of different phytochemicals, including NRG or naringin which is its glycosidic form [58,59,60,61,62,63,64,65].



So far, several types of nanocarriers have been fabricated for NRG delivery that enhance its solubility in water, biocompatibility, bioavailability, and therapeutic efficiency, which is also translated into dose reductions. Among these, polymeric nanocarriers (natural and synthetic) can be cited: lipid-based nanocarriers, polymeric nanoparticles, dendrimers, hydrogels, micelles, protein-based nanoparticles, carbon-based nanocarriers, nanotransfersomes, nanoemulsions, nanocomposites, metal oxide nanoparticles, etc. These particles can encapsulate NRG inside their structures and release it in a controllable manner [66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84].



Based on these features, our aim is to review the literature in the search of different reported NRG-loaded nanoformulations, formulated to improve NRG delivery with different therapeutic objectives. First, we discuss about the various limitations of NRG delivery. Then, we describe some of the nanoformulations used for delivering NRG and its therapeutic applications to treat different types of diseases. Finally, we conclude with a future perspective comment of this active herbal ingredient.




2. Methods


The literature search to prepare this work was carried out in June 2020 on the Internet using the search engines “PubMed”, “Scopus” and “Science Direct”. The keywords used were: “naringenin” AND “Nano*” OR “liposom*” OR “micell*” OR “drug delivery”.



From the three search engines, given that the purpose of this work has been to provide an overview of the current knowledge about naringenin applications in nanocarriers and it is a new research area, the type of articles selected preferably were original scientific articles. A total number of 177 articles were used in this review. To offer the most up-to-date information possible, the years included in the search period were between 2005 and 2020. The language of the studies analysed was English. The articles were ordered, firstly, according to “best match” and later according to “most recent” to adequately draw conclusions. Both in vitro and in vivo studies were considered.



The information was first organized according to the nanocarrier used to improve naringenin delivery drawbacks. Secondly, the information was organized according to the treated disease.




3. NRG Bioavailability and Delivery Challenges


NRG is present in a wide range of foods, being characteristic of a normal diet intake. However, NRG’s biological functions are hampered due to its hydrophobic nature, evidencing a poor aqueous solubility (ca. 475 mg/L) [11], as well as to an extensive gastrointestinal degradation, liver first-pass metabolism, and limited membrane transportation, which overall contribute to a reduced oral bioavailability (Figure 2) [2,11,85,86]. NRG absorption encompasses passive diffusion and active transport [11]. Yang Bai et al., 2020, studied the pharmacokinetics and metabolism of naringin and naringenin, after oral and intravenous administration of naringin in humans. The authors found that the plasma naringin concentration increased to its maximum at about 2 h (Tmax, 2.09 ± 1.15 h) and decreased to 50% of Cmax at about 3 h (t 1/2, 2.69 ± 1.77 h). Naringenin showed a considerable lag-time in human plasma (5.74 ± 2.38 h) after oral administration, due to intestinal metabolism, and the naringenin concentrations increased to Cmax at about 3.62 ± 3.19 h. The authors also studied the pharmacokinetic parameters of naringin and naringenin in food-effect trials. Tmax, Cmax, and AUC, were insignificantly altered by a high-fat diet. Furthermore, there were significant differences between the pharmacokinetic parameters of males and females humans, being some pharmacokinetic parameters of females significantly higher compared to males [87]. Several reports point toward NRG rapid in vivo metabolization, mainly through conjugation into sulphates and glucuronides, the major plasma circulating NRG derivatives [86]. Twelve metabolites of naringin and naringenin were identified in human liver and kidney microsomes: naringin, hesperidin, hesperetin, naringenin-O-glucoside, naringenin-O-glucuronide, neoeriocitrin, rhoifolin, naringenin, eriodictyol, apigenin, and 5, 7-dihydroxychromone. Yang Bai et al., 2020, demonstrated that CYP2C9 produced six of the twelve metabolites; CYP2C19, four metabolites; CYP2D6, three metabolites; CYP3A4/5, two metabolites; and CYP1A2, one metabolite [87].



In addition, the susceptibility to oxidative modifications and degradative potential in aqueous solutions can negatively impact the ultimate pharmacological properties and reduce the shelf life of NRG-containing formulations [82]. The additional metabolization of flavanones in the colon can yield small absorbable phenolic compounds, thus achieving considerably higher plasmatic concentrations when compared to native flavanones [88,89]. The poor bioavailability of NRG could be increased by replacing the natural glycoside with the respective aglycones, thus leveraging NRG absorption [85].



To overcome the restraints associated with the low bioavilability, several NRG-loaded nanocarriers, bearing distinct physicochemical composition and biological attributes, have been developed to improve NRG stability, solubility, barrier crossing, and bioavailability at target sites, with already described applications and encouraging results, achieved for a plethora of conditions or diseases [6,11].




4. NRG Nano-Scaled Delivery Systems


4.1. Polymeric Nanoparticles


Since the 1980s, various polymeric nanocarriers such as polymeric micelles, dendrimers, nanogels, nanocapsules, and other nanovesicles have been applied as drug delivery systems to transport different drugs to targeted organs [90,91]. Polymeric nanoparticles are considered nanocarriers made of biocompatible and biodegradable polymers. Depending on their preparation method, these particles are mostly presented in the form of nanocapsules or nanospheres [92,93]. Nanospheres are matrix-type delivery systems based on uniform drug encapsulation within the polymer chains, whereas, in the nanocapsule system, the drug is placed at the center and is surrounded by a polymeric membrane [93]. Polymeric nanoparticles could deliver various kinds of molecules, such as proteins, plasmids, antisense DNA, and drugs with low molecular weight. In this kind of delivery system, the particle size, surface charge distribution, and hydrophobicity and hydrophilicity of the polymeric nanoparticles are the properties that determine their ability to reach the interested organ [91,92]. The application of polymeric nanoparticles in drug delivery improves their safety profile, improves the biocompatibility and bioavailability, enhances drug permeability and stability, provides protection against hydrolytic enzymes, and improves treatment effectiveness, compared to conventional therapeutic methods [92,93,94,95,96,97].



A number of studies employed polymeric nanoparticles as NRG delivery vehicles [66]. A study in 2016 investigated the in vivo toxicological properties of poly (vinyl pyrrolidone) (PVP)-coated NRG nanoparticles. PVP is a nontoxic, water-soluble polymer used as a delivery system to enhance the solubility and bioavailability of poor water-soluble agents and reduce their complement activities. In this research, the PVP-coated NRG was synthesized by the nanoprecipitation method, which obtained a particle size of 110 nm. Particles were characterized by X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), Fourier transform infrared (FTIR) spectra, and energy dispersive X-ray spectroscopy (EDX). In vivo toxicological evaluations at different doses in male Sprague–Dawley (SD) rats were done comparing the particles with silver nanoparticles (AgNPs). Analysis of hepatotoxicity markers, hematological parameters, antioxidant enzymes in liver, kidney, and heart, and mRNA expressions of nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-κB), TNF-α, and IL-6, which are involved in inflammatory cascades, showed no significant difference in PVP-coated NRG nanoparticles in comparison with the control group, whereas in AgNPs treated rats the amount of all these parameters were higher than the control group. The results proved that the highly safe nanoparticles could be employed as a suitable NRG delivery system in the field of biomedicine [44].



Micelles are polymeric nanocarriers made of amphiphilic polymeric molecules that can be applied to encapsulate hydrophobic drugs in their core [90]. The delivery of NRG via micelles has been studied by several research groups. In 2015, the impact of encapsulating NRG in a mixed micelle formation of Pluronic F127 and Tween 80 on its oral bioavailability was evaluated in male SD rats [98]. Pluronic F127 (Poloxamer 407) is a non-ionic surfactant, and its micellar properties are highly soluble and suitable for drug delivery [99]. Tween 80 (polyoxyethylene sorbitan monooleate) is also a non-ionic surfactant. Due to its low toxicity rate, low cost, and high solubility it has been widely used for drug delivery [100]. In this study, the NRG-loaded mixed micelles were made by a thin-film hydration technique, with a ratio of NRG: Pluronic F127: Tween 80 of 1:10:0.2 (w/w/w). The in vivo investigation of their pharmacokinetic parameters showed a significant enhancement in NRG solubility (by 27-fold), its bioavailability (up to 26.9% following oral administration), and intestinal permeability (1.7-fold) compared to free NRG administration. Hence, it could be concluded that NRG-loaded micelles are more effective than oral administration of free NRG [98].



Another study on micelles as NRG delivery system is done in 2020 by Mo Li et al., in which they investigated NRG-loaded genipin-crosslinked ß-casein micelles (G-CNMs) [101]. Caseins are proteins obtained from cow milk, which, due to their inexpensive, stable, bioavailable, and biodegradable characteristics, have gained special attention as carriers for bioactive compounds [102]. In the research conducted by Mo Li et al., ß-casein micelles were prepared, loaded with NRG, and further crosslinked with genipin (Figure 3a) (G-CNMs). According to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and gel permeation chromatography-multi angle light scattering (GPC-MALLS) assays, the micellar crosslinking rate was genipin concentration-dependent. At the ß-CN/genipin molar ratio of 1:20, the average hydrodynamic radius of G-CNMs calculated by light scattering was 9.35 nm. As a result of genipin crosslinking, the conformation of G-CNMs had a significant transition from random coil into ß-sheet. The results indicated that, when the ß-CN/genipin molar ratio was 1:15 or 1:20, G-CNMs dominated the instability of micelles and was caused by an acidic pH (pH = 2). In contrast, there were no changes in stability at a high amount of NaCl. NRG was released slowly from all kinds of G-CNMs in phosphate-buffered saline (pH = 7.4). However, after increasing the amount of genipin, the NRG release was enhanced, which means that the stability of CNMs and NRG controlled release is influenced by the degree of genipin crosslinking. Taken together, ß-CN could be a suitable nanocarrier for hydrophobic drugs such as NRG with the attention to genipin as an important agent for protein particles [101].



The binding of NRG with ß-casein has been investigated in another study using fluorescence and UV-Vis absorption spectroscopy. The nanosized NRG-(ß-casein) complexes were prepared with various volumes of NRG at room temperature (Figure 3b). The findings indicated that NRG suppressed the intrinsic fluorescence of Trp 143 residue, and according to the thermodynamic analysis, the interaction between NRG and ß-casein is spontaneous with respect to the importance of hydrophobic interactions, Van Der Waals forces, and hydrogen bonds [103].



NRG-loaded monomethoxy poly (ethylene glycol)-poly(Ɛ-caprolactone) (MPEG-PCL) nanoparticles were also prepared to investigate the effects of their formulation into buccal tablets in NRG solubility and in the treatment of oral inflammation [105]. MPEG-PCL is an amphiphilic copolymer that has attracted interest as a drug carrier thanks to its biodegradability, biocompatibility, and low toxicity profile. In this research, NRG-loaded nanoparticles were made using a solvent evaporation method. To prepare buccal tablets, NRG nanoparticles were freeze-dried into stable and re-soluble nanoparticle lyophilized powder. The physicochemical properties of NRG nanoparticles such as particle size, TEM, and in vitro release were investigated. The results showed a small particle size and high drug loading capacity. To check the in vitro release of buccal tablets, the US Pharmacopeia 1 method was used. Buccal tablets containing NRG nanoparticles produced a faster and complete release compared to the control group over 12 h. These findings are promising for the application of NRG to deliver anti-inflammatory drugs in oral disease [105].



The use of native and preheated ß-lactoglobulin (ß-lg), an abundant whey protein, as a carrier for NRG, compared to its glycosylated form (naringin), was studied by Shpigelman et al. The prepared NRG solution was added to a ß-lg solution in pH = 7 phosphate buffer. UV spectrophotometry and intrinsic fluorescence methods showed NRG binding with both preheated and native ß-lg, with no effects on the binding stoichiometry (2:1 ß-lg to NRG). No binding between the glycosylated form naringin and ß-lg was seen, which could be a result of its larger size and more hydrophilic nature. The size of NRG-loaded nanoparticles, estimated by dynamic light scattering (DLS), showed a small increase compared to the pure protein. NRG-ß-gl complexes showed increased solubility (up to 3 times) with no crystal formation and acceptable reconstitution after freeze-drying. To conclude, the solution obtained was clear, thus suitable to enrich clear beverages with hydrophobic compounds such as NRG [43]. Among various food proteins used as bioactive carriers, whey protein isolate (WPI) is one of the most widely used. In a study conducted by Yin et al. in 2020, the antioxidant feature, stability, and bioaccessibility of hydrophobic α-tocopherol and amphiphilic NRG loaded into WPI nanoparticles were investigated (Figure 3c). The findings demonstrated that the antioxidant activity of protein-NRG particles was increased, whereas there was no effect of WPI on NRG storage and digestive, but the storage stability of α-tocopherol was improved. The drug bioavailability showed improvement by adding NRG, plus the fact that the oxidation of NRG and α-tocopherol did not damage proteins. In conclusion, WPI could make an excellent nanocarrier to encapsulate and transfer different compounds [104].



Chitosan and dextran sulfate has also been used to encapsulate NRG with the aim to improve its therapeutic properties. The chitosan dextran sulfate NRG nanoparticles were spherical in shape, and their cytotoxic effects on breast cancer cell line (MCF-7) were evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay after 24 h incubation. The results indicated considerable cytotoxic activity of chitosan-dextran sulfate-NRG in addition to the controlled but rapid release of 80% of free NRG over 36 h. Hence, it seems that chitosan–dextran–sulfate–NRG nanocarrier is a suitable delivery system for NRG and other hydrophobic drugs [106].




4.2. Lipid-Based Nanoparticles


During the past two decades, lipid-based drug delivery has been at the center of attention to tackle conventional formulations’ limitations, especially for drugs that are not properly soluble in water [107,108,109,110,111,112]. In general, lipids are amphipathic or hydrophobic molecules that have been used as carriers for the delivery of active ingredients during the last decades [107]. Since the early 19th century, lipid nanoparticle drug delivery systems were considered by a German professor, R.H. Müller, and professor M. Gascon from Italy [108]. Lipid nanoparticles can be made of only solid lipids or both solid and liquid lipids [108]. The main lipids used in these nanoparticles are free fatty acids, fatty alcohols, triglycerides, steroids, and waxes [107,108]. Phospholipids, glycolipids, and sphingolipids are included as well [107]. Lipid particles are popular in drug delivery due to their biodegradability and biocompatibility, very low toxicity profile, increasing the drug solubility, and release in a controlled profile [108]. Lipid nanoparticles vary in different ways, and the main parameters in their characterization are the size, zeta potential, crystallinity rate, polymorphism, drug loading, and drug release [108]. In the case of NRG encapsulation for delivery, solid lipid nanoparticles (SLNs), nanostructured lipid carriers (NLCs), and liposomal formulations are being used [108,113].



Müller et al. introduced SLNs for the first time in 1991 [80]. SLNs are the first lipid nanoparticles made of solid lipids that are stabilized by emulsifiers [108]. SLNs have submicron sizes (<1000 nm). Compared to polymers, liposomes, and emulsions, they have some advantages such as low toxicity, no need to use organic solvents, controlled release of drugs, decreased chemical degradation, and low cost. Nevertheless, their crystalline structure decreases drug solubility and induces instability [80,108].



In one study in 2016, the researchers developed a delivery system for NRG using SLNs, to have an extended and consistent drug release, better stability, and enhanced pulmonary bioavailability [80]. NRG was incorporated into SLNs by employing emulsification and low-temperature solidification techniques. The NRG-SLNs structures were uniform spherically shaped particles with high drug loading. The results from the MTT cell viability assay on human lung epithelial cancer cell line (A549) showed that these SLNs had no toxicity. The cellular uptake of fluorescein isothiocyanate (FITC)-labeled SLNs, in A549 cells was proved to be time-dependent within 3 h. According to a pharmacokinetic study in SD rats, a considerable enhancement in bioavailability with NRG-SLNs after pulmonary administration. In conclusion, SLNs are beneficial carriers for pulmonary drug delivery systems, and these nanoparticles enhance the bioavailability of drugs such as NRG [80].



Another study investigated the effect of NRG–loaded NLCs on apoptosis induction in colon cancer cells (HT-29), along with the administration of oxaliplatin (Figure 4) [114]. NLCs are the second generation of lipid-based nanoparticles found about seven years after the SLNs [107]. NLCs are made of solid and liquid lipids able to incorporate higher drug amounts than SLN. They can enhance the solubility of drugs in the lipid matrix, and the drug release they exert is more controlled [108]. Their burst release is also lower because of their compact structure [65]. In this research, encapsulation of NRG into NLCs was done by the hot homogenization method. The nanoparticle sizes ranged between 50–120 nm (mean size = 98). To check nanoparticles cytotoxicity, the authors used an MTT assay and 4′,6-diamidino-2-phenylindole (DAPI) staining. The results showed that the toxicity of NRG-NLCs in blocking the cell growth after 24 h incubation is very similar to NRG alone. Apoptosis was induced in HT-29 colon cells by NRG and was investigated by flow cytometry assay, which represented an increase in the number of cells that went through apoptosis by using NRG-NLCs. Furthermore, based on real-time PCR results, the anti-apoptotic markers were decreased, whereas the regulation of Bid mRNA in the pro-apoptotic family was increased. According to the results of this research, NRG loaded into NLCs could successfully decrease the cell growth of HT-29 colon cancer. NRG-NLCs increase anticancer drugs’ effectiveness, reduce the side effects of chemotherapy treatments and along with chemotherapy drugs, and stimulate apoptosis [114].



Considerable attention has been paid to liposomes for decades because of their ability to target and release drugs to the target site in a controlled manner, having a desirable safety profile, being highly soluble and completely tolerated particles, which improve drug bioavailability [113,115]. Liposomes are lipid vesicles formed by phospholipids bilayers [113,115]. The lipids are often natural phospholipids such as soybean phosphatidylcholine (SPC) or synthetic phospholipids such as dipalmitoyl-phosphatidylcholine (DPPC) [116]. In 2016, Wang Y et al. evaluated the effects of loading NRG into a liposomal system for oral administration. NRG-loaded liposomes were prepared by thin-film hydration. The result showed physical stability and high zeta potential values. In vitro release profiles were obtained in three relevant gastro-intestinal media. Tissue distribution analysis showed higher drug concentrations of NRG in different tissues especially in liver, when liposomes were used. In addition, a remarkable increase in drug solubility and oral bioavailability of the encapsulated drug in rats after oral administration was seen. According to this research results, NRG-loaded liposomes can enhance drug bioavailability and solubility, being therefore suitable delivery systems for clinical applications [113].




4.3. Nanosuspensions


Nanosuspensions are drug delivery system that contain a pure therapeutic agent and stabilizer, causing the emergence of particles with a size <1µm. It can be an appropriate choice to solve low bioavailability and poor pharmacokinetics of insoluble drugs. It can be applied for targeted therapy and solubilization in the intravascular route and prevent enzymatic ruin in oral administration [117]. Besides the improvement of drug pharmacokinetics, its formulation is easy. NRG, such as other flavonoids such as quercetin [118], rutin [119], etc., can be prepared as nanosuspension to improve its therapeutic effectiveness. The most widely used stabilizers, surfactants, and polymers, in nanosuspensions include Tween® 80, polyvinyl alcohols (PVA), pluronics (F68 and F127), polyethylene glycols (PEG), poloxamer-188, d-α-Tocopherol polyethylene glycol 1000 succinate or Vitamin E-TPGS, etc. [120]. In 2018, Kumar Singh et al. fabricated surfactant-stabilized NRG nanosuspensions to enhance its biochemical and pharmacokinetic properties [121]. They prepared different nanosuspension by precipitation-ultrasonication technique with various concentrations of diverse surfactants and polymers. They also tested several stabilizers, such as sodium cholate (SC), sodium lauryl sulfate (SLS), polyethylene glycol 4000 (PEG), Tween® 80, and poloxamer-188, vitamin E-TPGS, finding the last combination, the most suitable one for NRG. TPNS improved NRG solubility because of its higher emulsification efficiency in comparison with other surfactants, monitored by micellar property of TPGS with alteration of crystalline to the amorphous form of NRG. The study revealed a considerably enriched bioavailability compared to pure NRG due to the remarkable decrease in size and the increase of solubility and dissolution. It also showed high stability for six months.



In a similar study, TPGS nanosuspension enhanced the uptake of NRG by breast cancer cell lines and animal models, with overexpression of p glycoprotein (P-gp) [122]. P-gp is one of the significant mechanisms in multi-drug resistance (MDR) incidence in cancer cells. This transporter promotes the efflux of the drug and decreases the intracellular concentration of the drug. Some non-ionic surfactants such as TPGS can inhibit P-gp. These systems are therefore a suitable option in developing anticancer drugs to reduce MDR [123].



Additionally, the high benefit of NRG TPGS nanosuspension compared to free NRG in reducing hepatotoxicity and nephrotoxicity induced by oxidative stress after cisplatin administration was proven [124]. Rajamani et al. revealed that NRG coated with TPGS by high-pressure homogenization led to a substantial increase in its therapeutic effects and reduced liver injury by the oral route [124]. Another NRG nanosuspension was developed by Gera et al. using PVA as a stabilizer [67]. This formulation exhibited proficient NRG permeability in the gastrointestinal tract.



In addition to surfactants, polymers can be utilized as a stabilizer for nanosuspensions. In a recent study, ten different NRG-nanosuspensions were prepared with various stabilizers and TPGS as a co-stabilizer, using a high-pressure homogenization method [125]. An improvement in oral bioavailability, dissolution, efficacy, and reduction of erythrocyte hemolysis was seen for NRG- nanosuspension.




4.4. Nanoemulsions


Nanoemulsions have a high potential to modify the bioavailability of low soluble drugs through the oral route. Nanoemulsions are prepared by combining oils, surfactants, hydrophilic solvents, and co-solvents that have the unique ability to form fine oil-in-water (o/w) colloidal dispersions. To enhance the oral bioavailability and solubility of NRG, several papers reported the use of nanoemulsions as drug delivery systems for NRG [68,126,127,128]. A NRG self-emulsifying nanoemulsion was prepared with triacetin (oily phase), tween 80 (surfactant), and transcutol HP (co-surfactant) that improved NRG pharmacokinetics. High dissolution rate, optimum poly-dispersity, and rapid and complete release of the drug were achieved by optimization of this method [126].




4.5. Co-Delivery Systems


To consider the complexity of different diseases, one therapeutic agent is usually not sufficient; thus, a combinational therapy based on different mechanisms can improve some treatments. In 2010, Kanaz et al. prepared NRG-hesperetin (another glycan flavonoid) nanodispersion with PVP by solvent evaporation method [129]. Recrystallization of a drug in a nanocarrier can disturb the physical stability of the drug delivery system. Therefore, polymer and drug interactions can increase nanoformulation stability, especially during storage. PVP inhibits the drug crystallization by hydrogen bond formation with the drugs. Therefore, using PVP based carriers can increase formulation stability during storage. This study indicated that after three months of storage at 40 °C, the PVP nanodispersion system displayed high chemical and physical stability without any change in release profiles nor drug crystallization. Kerdudo et al. encapsulated NRG and rutin in onion-type lipid-based multilamellar vesicles (MLVs) to improve the antioxidants effects of some flavonoids, including NRG [130]. Their study demonstrated that was NRG mostly adsorbed onto the surface of nanocarriers. It showed high stability without leakage after 30 days.



In another study, tamoxifen-NRG nanoemulsion was prepared to escalate the antitumor effects of tamoxifen against breast cancer [131]. In this nanoemulsion, polyunsaturated fatty acids (PUFAs) were used as a lipid phase. According to previous studies, PUFAs improve drug bioavailability and biodistribution. In this study, the authors fabricated nanoemulsions by a simple admixture of the formulation components. This nanoemulsion increased drug absorption and was highly effective in the suppression of tumor growth in both in vitro and in vivo studies.



In a recent study, pravastatin, an antihyperlipidemic agent for treating the atherosclerotic vascular disorder, was co-loaded with NRG in omega-3-phospholipid based nanotransfersomes [72]. This nanocarrier was developed as a transdermal drug delivery system to overcome the problems associated with the oral route administration while reducing pravastatin first-pass effects and enriching the anti-oxidant cascade through NRG. Nanotransfersomes were prepared by a modified thin-film hydration method. Omega-3-phospholipids was incorporated to improve cardiovascular and liver activities and to reduce the production of low-density lipoprotein (LDL) and triglycerides [132,133,134]. The results showed that NRG and omega-3-phospholipids, in a synergistic manner, reduced the hepatic marker enzymes levels and lipid peroxidative markers, prompted by pravastatin.





5. Potential Therapeutic Applications of NRG Nanoformulations


Several potential therapeutic applications of NRG nanoformulations have been investigated in preclinical studies (both in vitro and in vivo), such as cancer prevention and treatment, brain diseases, inflammatory diseases, skin disorders, ocular diseases, liver diseases, and diabetes (Figure 5). Table 1 includes some of the most relevant applications of naringenin-loaded nanoparticles, including the particle-type. The key results are presented in comparison to free naringenin.



5.1. Cancer


NRG has potential cancer chemopreventive and therapeutic effects, as shown in different cell lines, such as human non-small-cell lung carcinoma (NSCLC) (A549), colorectal cancer cells (Colon-26), human cervical cancer cells (HeLa), pancreatic cancer cells, and human skin carcinoma cells (A431) [77,135,136,137,142]. NRG can induce apoptosis, reduce cancer cell viability, and induce cancer cell cycle arrest [28,143,144,145]. NRG causes carcinogen inactivation by different mechanisms. Such as, the upregulation of the enzymes uridine 5′-diphospho glucuronosyltransferase, quinone reductase, and glutathione S-transferase and the inhibition of CYP19, which helps to control breast and prostate cancer. It also presents anti-proliferative properties by downregulation of reactive oxygen species and ornithine decarboxylase, and several signal transduction enzymes. NRG inhibits cyclin, and cyclin-dependent kinase helping to control leukemia. NRG has also an angio-inhibitory effect as it decreases the vascular endothelial growth factor, that helps reduce metastasis [146]. A variety NRG nano-based drug delivery systems of different materials have been used in those studies, such as poly(d, l-lactide-co-glycolide) (PLGA) nanoparticles, multi-walled carbon nanotubes, silk fibroin nanoparticles, nanohybrid hydrogel, eudragit E-100 nanoparticles, polycaprolactone (PCL) nanoparticles, soluthin–maltodextrin nanocarriers, chitosan nanoparticles, and Eudragit E/PVA nanoparticles [77,135,136,137,142,147,148,149].



The cytotoxicity of NRG-loaded nanoparticles on lung cancer cells has been reported by several works. For instance, NRG chitosan particles were applied to A549 lung cancer cells. Particle cytotoxicity was evaluated by an MTT assay. The treatment with 0.5 mg/mL of NRG nanoparticles showed a significant reduction in the cancer cell viability while maintaining cell viability in normal fibroblast cells (3T3) [148]. In another approach, NRG PCL nanoparticles were decorated with hyaluronic acid as a targeting moiety. Cellular studies revealed an improved anticancer effect and uptake of NRG in A549 lung cancer cells. In animal tests, the nanoparticles showed suppressive effects on cancer growth in urethane-induced lung cancer rats [135]. Morias et al. functionalized multi-walled NRG carbon nanotubes that showed enhanced cytotoxic activity on adenocarcinomatous human alveolar basal epithelium (A569), while maintaining a safe profile in a human skin cell line (hFB) [84].



Another novel approach was used to improve NRG delivery by employing a green nanohybrid hydrogel as a delivery system. This system was prepared by conjugation of L-cysteine (CYS) with chitosan, then phyto-synthesized zinc oxide nanoparticles were embedded to improve the electrostatic interactions between the carrier and the encapsulated drug. CYS conjugation improved the mucoadhesiveness and solubility of the system and had inhibitory effects on enzymes. Moreover, dialdehyde cellulose (DAC) was used as a green material for cross-linking the polymeric matrix to form a green nanohybrid hydrogel (Figure 6). The developed carrier achieved loading of 86.09 % of NRG with a maximum release profile of 72.78 % at a concentration of 1 mg/mL. Additionally, this system showed desirable biocompatibility when tested on L929 non-cancerous murine fibroblast cells. In contrast, the nanohybrid hydrogel showed increased cytotoxicity (two-fold) when used to treat A431 human skin carcinoma cells compared to free NRG [142].



A series of papers published by the same research group comprehensively investigated NRG-loaded nanoparticles on different occasions. In 2011, they reported the use of nanoprecipitation to prepare the NRG-loaded nanoparticles, which exhibited sustained release behavior. Furthermore, compared to free NRG, the developed nanoparticles enhanced the cytotoxicity of NRG, reduced GSH levels, increased lipid peroxidation status (TBARS), and increased reactive oxygen species (ROS) levels in human cervical cancer cells (HeLa) [79]. In their next publications, to evaluate the anti-cancer effects of these nanoparticles (dose of 50 mg/kg/day), the 7,12-dimethylbenz(a)anthracene (DMBA)-induced oral carcinogenesis model was used in Syrian hamsters. The results revealed significant suppression of histological lesions, restoration of molecular markers and biochemical parameters, decreased nucleic acid contents, anti-lipid peroxidative activity, reduced tryptophan levels, increased glycogen, inhibition of proliferation, and antioxidant activity compared to the free NRG form [149,150,151,152].




5.2. Brain Diseases


Neurological disorders, including brain diseases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD), represent one of the most important non-communicable diseases affecting the worldwide population and are associated with significant disease burden and disability [153]. Oxidative stress is occurs naturally during the aging process, and might play an important role increasing the severity of neurodegenerative diseases such as Parkinson and Alzheimer, for which NRG has shown to be effective in reducing oxidative stress with a high permeation to the brain [146]. While the blood–brain barrier (BBB) constitutes an essential protective barrier for the central nervous system (CNS), it is often a biological barrier to successful drug delivery to the CNS because drug penetration across the BBB is dramatically restricted, rendering ineffective therapeutics. In this regard, several nanocarriers have been developed to overcome the BBB and achieve improved drug delivery, owing to their small size, diverse physicochemical composition, tailored area, and tunable features [154].



Ahmad et al., developed NRG-loaded nanoemulsion to improve NRG bioavailability in the brain for cerebral ischemia treatment [155]. The NRG-loaded nanoemulsion was further formulated as an in situ poloxamer-407/chitosan gel formulation, bearing thermoresponsive and mucoadhesive properties toward efficient nasal administration and displaying a gelation temperature of 28.3 °C. The obtained globules featured a size ca. 98.31 nm and a polydispersity (PDI) around 0.386. Ex vivo permeation studies conducted on bovine nasal mucosa showed slightly superiority of NRG nanoemulsion gel nanoformulation, compare to the NRG nanoemulsion nanoformulation, and a substantial increase in NRG permeation compared to NRG suspension after a period of 8 h. Intranasal administration of the NRG nanoemulsion gel also substantially increased NRG brain concentration, the locomotor activity of rats, and its anti-oxidant and neuroprotective activities. Intranasal drug delivery represents a non-invasive therapeutic approach that allows proximity and accessibility to the central nervous system while reducing systemic exposure and bypassing the BBB. A significant reduction in infarct volume observed in stroke disease rat models with NRG suspension was also observed. The NRG nanoemulsion gel showed to be a safe, effective, and non-invasive strategy for NRG brain delivery for the treatment of cerebral ischemia [155].



The neuroprotective properties of NRG were also explored as a therapeutic strategy to tackle other brain diseases. Shadab et al. optimized NRG-loaded nanoemulsions with a droplet size ca. 114 nm, a zeta potential around 12.4, and a PDI of ca. 0.312 to ascertain NRG-mediated neuroprotective activities to fight AD [156]. NRG nanoemulsion was prepared from capryol 90 as oily phase, tween 20 as a surfactant, and ethanol as a co-surfactant. The in vitro neuroprotective properties of the NRG- loaded nanoemulsion showed enhanced NRG neuroprotective properties in Aβ-induced SH-SY5Y neuronal cells and decreased Aβ levels compared with free NRG. A reduced NRG dose was required to exert the same reduction in ROS activity and down-regulation of amyloidogenesis-related genes, as evidenced by decreases in protein levels of total and phosphorylated tau (pT231), amyloid precursor protein, and β-secretase. Further studies are needed to demonstrate the in vivo neuroprotective applications of NRG nanoemulsions as a potential AD treatment [156].



In another study, Shadab et al. applied the neuroprotective and anti-oxidant properties of NRG to PD treatment [81]. Oxidative stress has been implied in PD pathogenesis and has emerged as one of its leading causes, accounting for significant neurotoxicity and neuronal death for which NRG anti-oxidant and neuro-protective properties are of great interest. NRG was loaded in positively-charged chitosan nanoparticles (size ca. 88 nm, PDI ca. 0.31, zeta potential ca. 15.36) prepared by the ionic gelation method, eliciting high NRG encapsulation efficiency (>91%) and intended for nose-to-brain delivery. Ex vivo nasal permeation studies showed a two-fold improvement on NRG permeation by the NRG-loaded nanoparticles compared to the free-NRG solution after 20 h, possibly helped by the electrostatic interactions between amine groups of chitosan and negatively-charged sialic acid groups present on cell membranes, thus facilitating paracellular NRG transport and permeation through the nasal epithelium. Results obtained for the NRG-loaded NPs in 6- SH-SY5Y cells as cell model evidenced hydroxydopamine (6-OHDA)-induced neurotoxicity. Results showed improved in vitro antioxidant properties and an improved ability to reduce ROS levels. The highest neuroprotective effect was measured through cell viability measurements, revealing interesting properties toward nano-based nose-to-brain NRG delivery for PD management [81].



Another work investigated NRG-loaded Vitamin E-based NE, composed of capryloyl 90: vitamin E as oily phase and tween 80 as a surfactant, for NRG intranasal delivery. Possible synergistic effects of the anti-oxidant activities of vitamin E and NRG were evaluated [138]. The optimized nanoemulsion displayed a droplet size of ca. 38 nm, a PDI <0.15 and negative zeta potential (ca. −27). In vitro studies comparing NRG nanoemulsion and NRG suspension showed significantly higher drug release by NRG nanoemulsion. Ex vivo studies in goat nasal mucosa showed a three-fold increase in permeation for the NRG nanoemulsion. In vivo models elicited increased biodistribution and bioavailability of NRG in the brain after intranasal administration of NRG nanoemulsion, compared with administration of intravenous NRG nanoemulsion and intranasal NRG solution. Considerable anti-oxidant effects and successful improvement in the behavioral conditions were obtained in 6-OHDA-pretreated rats, with the highest performance in combination with standard oral levodopa therapy [138].




5.3. Inflammatory Diseases


In the case of occurrence infection or injury, macrophages produce cytokines (e.g., IL-1β, IL-6, TNF-α) and other mediators such as nitric oxide and prostaglandins during inflammatory processes. Excess production of these compounds leads to many characteristic chronic inflammatory diseases such as asthma, atherosclerosis, osteoarthritis, pulmonary fibrosis, rheumatoid arthritis, septic shock, tumor etc. Therefore, their inhibition is a crucial target pathway in the management of many chronic inflammatory diseases [157,158,159]. Hydroxyl substituents (OH) on NRG chemical structures are responsible for its antioxidant acitivity by having a high reactivity agains ROS and reactive nitrogen species (RNS). NRG has an excellent ability to scavenge free radicals and to prevent lipid peroxidation-mediated oxidative DNA damage, which can be exploited to treat inflammatory diseases [160]. In this context, Kumar and Abraham designed a PVP-coated NRG nanoparticle. Biocompatibility and immunomodulatory effects, as well as safety of these nanoparticles for diagnostic and therapeutic applications compared with AgNPs were confirmed through in vivo toxicity studies in male SD rats [44]. The objective of their next study was to investigate the inhibitory effects of NRG on lipopolysaccharide-induced inflammation in RAW264.7 mouse macrophage cells [139]. In brief, the study results indicated that the NRG nanoparticle had a high potential to reduce the levels of inflammatory mediators. It suppressed the expressions of mediator-producing enzymes and the pro-inflammatory cytokines.



Ischemic stroke may lead to a systemic inflammatory response with the access of blood components to the brain parenchyma through the possible breakdown of the blood–brain barrier. In this regard, anti-inflammatory compounds such as NRG are viable candidates to protect against ischemic stroke and other related disorders. In this regard, Ahmad et al. investigated the effect of NRG entrapped in gelatin-coated PCL nanoparticles on human mesenchymal stem cells (Figure 7) [161]. The observed reduction in pro-inflammatory cytokine and other inflammatory biomarker levels indicated that NRG nanoparticles exert neuroprotective effects on these cells by suppressing the oxygen-glucose deprivation-induced inflammatory responses. Thus, their nanoformulation could offer a promising therapeutic potential against ischemic stroke and other neuro-inflammatory diseases.



Rajamani et al., suggested a nanosuspension as a preferred dosage form to increase the solubility of NRG and protect it from degradation. They prepared the formulation by the high-pressure homogenization method [125]. In a subsequent study, in vitro and in vivo studies were performed to evaluate the anti-inflammatory activity of the nanosuspension compared to standard drug and free NRG [162]. Significantly higher therapeutic and anti-inflammatory activity of the NRG, even using a lower concentration, was observed compared to normal NRG and diclofenac sodium.




5.4. Topical Applications


Several authors have also studied the activity of NRG in treating various skin diseases and protecting the skin from ultraviolet (UV) irradiation [78]. The excess of ROS in the skin contributes to the development of several cutaneous diseases [78]. The anti-inflammatory and immunomodulatory activities of NRG predict its potential efficacy in dermatological diseases associated with immunological components, such as psoriasis or atopic dermatitis. For instance, NRG suppress NF-κB therefore it inhibits IL-33, TNF-α and IL-1β in paw skin inflammatory pain [19].



Tae-Ho Kim et al., demonstrated its efficacy in the treatment of atopic dermatitis induced by 1-fluoro-2,4-dinitrobenzene (DNFB) in NC/Nga mice. In this study, NRG was administered intraperitoneally at a dose of 50 or 100 mg/kg daily for one week. The authors reported reduced ear swelling and improved dorsal skin lesions compared to the control [163].



Gaggeri and colleagues demonstrated that the S-enantiomer of NRG has TNF-α blocking activity [164,165]. Based on this work, Chlapanidas et al. developed a sericin microparticle system containing NRG and tested its efficacy in vitro in the LPS-stimulated human peripheral blood mononuclear cell (hPBMC) model [166]. The authors demonstrated higher efficacy of the NRG particles than the free drug control, which can be attributed to the additional sericin TNF-α blocker effect and the improved bioavailability by the particles.



NRG is also effective against oxidative skin damage. Ming-Jun Tsai and colleagues developed an NRG-loaded submicron emulsion system for topical application and studied the permeability of the active ingredient through the skin, stability, and skin irritation in vivo. The particles were stable, maintaining 98% of the active ingredient after 3 months of storage at 25 °C and 40 °C. The transdermal and biodistributed amounts of NRG in the skin of abdominal SD rats were significantly increased about (4.5–9.4 times) compared with a saturated aqueous NRG solution. The irritation test showed that the NRG-loaded submicron triggered lower irritation signs than the negative control group (treated with water) [167].



The same authors later developed flexible liposomes to enhance NRG permeability through the skin [78]. Flexible liposomes are lipid-based vesicles that usually contain surface-active ingredients; in this case, Tween® 80. They can encapsulate hydrophilic drugs in their aqueous core or lipophilic drugs in their phospholipidic bilayer. These vesicles increased NRG solubility and allowed the application of higher doses. The authors demonstrated that the chemical enhancer tween 80 and the flexible liposomes increased NRG SD rats abdominal skin permeability compared to a saturated control solution at similar levels. Interestingly, the liposomes increased the deposited amount of NRG 1.2-1.9-fold compared with the Tween® 80 solution, being highest for the liposomes, including the highest amount of Tween® 80. The authors relate this improvement to the elasticity of the vesicles and their ability to squeeze between the corneocytes, thus favoring the passage of NRG [78]. However, the authors do not provide elasticity data of the vesicles. This would have been of major interest to draw this conclusion, as liposomes were prepared, including cholesterol, which stabilizes the lipid membrane, making the bilayer more rigid [168]. The same can be said for NRG, whose solubility places it in the bilayer more than in the aqueous core, as observed in vitamin D3-liposomes [169]. Dreier et al.s’ work demonstrated by super-resolution and fluorescence dynamics that liposomes do not cross the human skin barrier remaining intact [170]. Tsai and coworkers also provided an in vivo skin irritation experiment, concluding that the liposomal formulation did not trigger local irritation and is safe for topical delivery [78].



Through in vivo studies, Martinez et al., demonstrated the activity of NRG to prevent UV-B irradiation-induced inflammation and oxidative stress in the skin; therefore, they developed a topical formulation containing NRG [171,172]. Based on these works, Badea et al. developed NLCs containing NRG. The UV-A filter diethylamino hydroxybenzoyl hexyl benzoate (DHHB) and the combination of NRG and DHHB in solid lipid + vegetable oils-core nanoparticles [173]. Their objective was to retain the UV filter onto the skin for a more extended period to physically block the UV rays while enhancing the permeability of the antioxidant to the deeper skin layers. Here, the flavonoid can neutralize the ROS formed, thus avoiding cellular and DNA damage. Authors compared the particles with freeze-dried emulsions containing the same amounts of the particle excipients but were not subjected to homogenization procedures. Particles and emulsions were further incorporated in carbopol 940 hydrogels to allow topical application. The authors showed that the presence of NRG increased the absorption properties of the nanoparticles in the UVA range 320-360 nm, also when incorporated into the hydrogels. NRG-loaded capsules also were the most effective systems against ROS and 2,2′-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS) radical cation. The authors also showed in vitro cytotoxicity on L929 murine fibroblasts using an MTS-test. Cell viability was significantly higher for NRG-loaded capsules compared to the other capsules. Release studies showed controlled release of NRG and DHHB, allowing a slow release of the UV filter and a much faster release of NRG, as desired. The permeability study was performed using a skin surrogate: a collagen membrane, showing a higher NRG permeability when formulated into the capsules compared to the emulsion [173].



Haritima Joshi and coworkers also studied the sunscreen performance of NRG-loaded PLGA nanoparticles, using in vitro and in vivo methods [174]. The authors demonstrated the absence of cytotoxicity of the NRG free drug and the loaded nanoparticles using HaCaT cells and an MTT test, and the absence of skin toxicity using an in vivo model in Wistar rats. Skin permeability was assessed using Franz Diffusion Cells with rat skin, and drug retention studies were also performed. Permeability tests showed an increased permeability compared to free drug, and the accumulation of NRG within the diffusional membrane was also significantly higher. They attribute the increased permeability to the ability of nanoparticles to penetrate the skin, but this is not supported by data, and there is no bibliographic evidence of intact PLGA-nanoparticle penetration through the skin (particle size >5 nm), up to our knowledge. When incorporating NRG free drug and nanoparticles, the authors showed the contrary effects. These data support the general agreement that nanoparticles release the drug in a controlled manner, reducing skin permeability, even though the authors do not show release data. Additionally, the authors forgot the standard deviations in the permeability profiles. Some of them do not seem to have reached the steady state from which the permeability parameters can be calculated. This work is promising and supports the feasibility of administering NRG via the skin using PLGA-nanoparticles. However, there is no evidence from this work to improve NRG permeability or performance [174]. Further investigations should be conducted to elucidate if these administration systems provide advantages over other drug delivery systems or plain drugs.



From the reviewed works, it appears that NRG deserves deeper exploration of its potential cutaneous applications, as it remains to be proven whether such activity can be harnessed for skin diseases. Moreover, no research has been conducted on human skin, which can be an important source of variability in NRG permeability behavior. Nevertheless, the use of nanotechnology in topical products seems promising to improve the delivery of NRG across the skin for different protective and therapeutic applications.




5.5. Ocular Applications


Recently, interesting pharmacological activities have been attributed to NRG, such as anti-oxidant activities, which have applications in the treatment of various ocular diseases. Nano-based strategies to improve topical ocular drug delivery include increasing the solubility of poorly soluble drug, prolonged and controlled release of drug, increasing ocular bioavailability and stability of drugs, dose reduction, and facile administration [2,6,15,18,21,22]. NRG has shown different effects on ocular diseases such as, prevention of retinal damage in diabetic retinopathy, inhibition of corneal neovascularization, and anti-inflammatory effect on uveitis [175,176,177].



Wang et al., developed PVP K-17PF/NRG nanocomplexes aimed at ocular delivery of NRG to investigate the ocular anti-inflammatory activities of NRG [82]. PVP, a widely used and highly biocompatible water-soluble polymer with pronounced ocular tolerance, acted as a hydrophilic NRG complexing agent. It is able to form intermolecular cross-links with hydrophobic compounds such as NRG, thus increasing the water solubility of poorly soluble compounds. In addition, it can enhance the viscosity and stability of ophthalmic formulations or act as a suspending agent in suspensions and solutions for ocular delivery. The nanocomplexes were prepared via a simple thin-layer hydration technique and showed complexation efficiency of about 98.51, a mean diameter of approximately 6.73 nm, and PDI around 0.254. In vitro studies in human corneal epithelial cells (HCECs) showed that the ophthalmic dispersion of the nanocomplexes displayed good tolerability, both short- and long-term cytocompatibility, improved anti-oxidant activity, and over 10-fold enhanced NRG membrane permeation compared to free NRG in a membrane permeability assay. The ophthalmic dispersion containing K-17PF/NRG nanocomplexeswas further tested topically in New Zealand white rabbits. The results showed good tolerability, improved intraocular permeation of NRG, and improved biodistribution in ocular tissue, namely almost five times higher concentrations in retina tissue compared to free NRG, as well as improved anti-inflammatory activity in sodium arachidonate-induced inflamed rabbit eyes [82]. Another study by Wang et al. reported NRG-loaded sulfobutylether-β-cyclodextrin/chitosan nanoparticles for ocular NRG delivery and treatment of age-related macular degeneration (AMD), a progressive ocular tissue disease responsible for irreversible impairment and loss of vision [83]. NRG was loaded into sulfobutylether-β-cyclodextrins forming stable guest-host complexes capable of improving NRG’s solubility. Chitosan, one of the most extensively used biodegradable and biocompatible biopolymers, can interact with negatively-charged sulfobutylether-β-cyclodextrin by an ion gelation method, assembling sulfobutylether-β-cyclodextrin/chitosan nanoparticles. The results showed a particle size of ca. 450 nm and a positively charged surface (zeta potential ca. +22.5), which favored interaction with negatively charged cornea tissue. The particles enhanced the ocular residence time as well as the concentration and corneal penetration of NRG. Topical ophthalmic delivery of NRG in sulfobutylether-β-cyclodextrin/chitosan nanoparticles demonstrated sustained NRG release in simulated tear fluid and good ocular tolerance in rabbit eyes in an in vivo assay with New Zealand white (Draize test). Their work demonstrated an improvement in ophthalmic bioavailability of NRG, evidencing suitable features for improved ocular delivery of hydrophobic drugs and treatment of eye disorders [83].




5.6. Liver Diseases


NRG, as a well-known natural compound with anti-oxidant, anti-inflammatory, and anti-tumor properties has been comprehensively researched for its potential beneficial effects in liver diseases with low toxicity. Liver diseases are caused by different etiological agents, mainly drug intoxication, alcohol consumption, malnutrition, or viruses [14]. Liver disorders are often induced by a combination of oxidative stress and inflammation. Therefore, the demonstrated activities of NRG may be of great interest in the prevention and treatment of liver diseases. NRG can inhibit oxidative stress, toll-like receptor (TLR), the mitogen-activated protein kinase (MAPK), and non-canonical TGF-β pathways. NRG has been shown to have activity in non-alcoholic fatty liver disease, as it can regulate lipid metabolism by modulation the synthesis and oxidation of lipids and cholesterol [14].



NRG has been studied in various in vivo and in vitro liver injury models, using hepatic injury agents such as N-methyl-N-nitro-nitroguanidine, lipopolysaccharide (LPS), or carbon tetrachloride (CCl4), among others [14].



NRG activity against hepatic and renal injury caused by antituberculosis was investigated in rats. The authors concluded from the work that the pharmacological action of NRG at 20 and 40 mg/kg dose was equally effective as positive control silymarin without adverse effects in oxidative stress and antioxidant activity [178]. The therapeutic efficacy of silymarin and naringenin in reducing arsenic-induced hepatic damage in young rats was also studied. Arsenic can cause hepatic injury directly binding with –SH groups or indirectly through generation of reactive oxygen species (ROS). The phenolic structures, have antioxidant effect and inhibit free radical-mediated processes. The author’s results showed that chronic arsenic exposure significantly increased blood ROS and a reduction in blood GSH levels, supporting the hypothesis of arsenic-induced oxidative stress. Both silymarin and naringenin administration reversed this trend, demonstrating antioxidant properties of both the flavonoids through s SOD, catalase and GPx activities protection, by directly scavenging ROS while inhibiting lipid peroxidation [179].



Different nanotechnological approaches to improve drug bioavailability have also been tested to improve NRG access to the liver. In the case of NRG, Yen et al. investigated its protective effect in the CCl4-induced acute liver failure model by administering NRG orally as a free drug and in Eudragit® E 100 nanoparticles [180]. The particles were prepared by nanoprecipitation technique and stabilized with PVA. The authors pre-treated the animals with the formulations prior to CC14 administration. The authors examined plasma levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) and measured the anti-oxidant enzymes and lipid peroxidation and the caspase-3, -8, and -9 activities in liver tissue homogenates. The authors demonstrated a particle-mediated increase in NRG solubility and controlled drug release. Pre-treatment of animals with the drug and the loaded particles reduced plasma levels of AST and ALT by 1-1.5 fold compared with the control. Regarding the anti-oxidant enzyme production, the authors found a significant increase of superoxide dismutase, catalase, and glutathione-peroxidase levels when the animals were treated compared with the control. They found 2–2.3-fold superior amounts when NRG was encapsulated compared with treatment with the free drug. Caspases 3 and 9 were significantly suppressed by free NRG, and the 3 analyzed caspases were suppressed by the encapsulated drug. These results show a clear improvement of NRG delivery via the oral route with an increased dose reaching the target site, thus improving its efficacy [180].



Liposomes present several interesting properties from the drug delivery point of view, as they are completely biocompatible and easily biodegradable. Wang et al., prepared NRG loaded liposomes to improve oral drug bioavailability [113]. Their pharmacokinetics in in vivo studies showed an increase in the AUC area of the NRG-loaded liposomal formulation. The authors developed from 16648.48 to 223754.0 ng/mL−1 h compared to the pure drug in mice after oral administration. Furthermore, this work showed that NRG distribution was higher in different tissues for the liposomes than the pure drug, being significantly more predominant in the liver [113].



Chen and coworkers investigated the efficacy of NRG-loaded liposomes on the nonalcoholic fatty liver disease (NAFLD) in mice [140]. The authors designed NRG-loaded liposomes, studied their release profile and the pharmacokinetics in vivo, compared to free drug. They also designed an animal model of NAFLD in C57BL/6J mice by removing methionine choline from the diet. This work showed effective drug encapsulation and uniform drug distribution with a sustained release profile in vitro. The pharmacokinetic experiment demonstrated improved oral bioavailability of NRG when encapsulated in liposomes, supporting the findings reported by wang and coworkers [113]. The in vivo experiment with NAFLD mice showed hepatic lipid reduction with better hepatocyte protective properties than the controls, demonstrating the improvement of NRG administration and activity thanks to encapsulation in liposomes [140].



Although the hepatoprotective effects of NRG have been widely investigated, only a few works can be found to deliver NRG precisely to the liver. As can be concluded from the works mentioned above, NRG delivery and, therefore, its hepatoprotective effects are significantly higher when administered in nanomedicines. Further investigations are needed to understand better the underlying mechanisms of this improvement and drug-particle-target interactions.




5.7. Diabetes


NRG has demonstrated anti-hyperglycemic activity by preventing glucose absorption from the intestine. The mechanism of NRG anti-diabetic effects are attributed to increasing insulin sensitivity, decreasing glucose blood levels, suppressing the macrophages migration into adipose tissue, inhibiting monocyte chemoattractant protein-1 (MCP-1), decreasing insulin receptor substrate-2 (IRS-2) levels, increasing phosphoinositide 3-kinase (PI3K) activity [146]. However, as explained above, its extreme water insolubility, rapid biodegradation, and low bioavailability restrict its oral administration. Nanotechnology-based drug delivery systems could be utilized to overcome these limitations. In this approach, NRG is encapsulated in polymeric nanoparticles to protect the drug from enzymatic and hydrolytic degradation in the gastrointestinal tract, which improves its availability.



In this context, a nanovehicle was synthesized from bio-safe and cost-effective polymers. The proposed alginate-coated chitosan core-shell nanocarrier system was safe in terms of the process conditions, including no harsh chemicals (Figure 8). Its structural chemistry also resulted in nanoparticles with reduced size and significant encapsulation efficiency (>90%). Mucoadhesion analysis and release studies exhibited pH-responsive, slow and sustained release of the NRG from the prepared nanoformulations. According to in vivo studies results, a significant hypoglycemic effect was observed in streptozotocin-induced diabetic rats after oral administration of NRG-loaded nanoparticles. Furthermore, histopathology and blood parameters revealed that the polymeric nanoparticles’ oral administrations were free from systemic toxicity [181].



In a recent study, Maity and Chakrabort prepared PLGA nanoparticles loaded with NRG by the emulsion–diffusion–evaporation technique. The NRG entrapment was approximately 70%, and the nanoparticles obtained size of about 129 nm. Furthermore, they compared the anti-diabetic potential of NRG-loaded PLGA nanoparticles compared with free NRG in streptozotocin-induced diabetic rats. According to their findings of in vivo studies, a significant decrease in glycated hemoglobin level, elevation in insulin level, and enhancements in dyslipidemia and oxidative stress parameters were observed in the nanoparticle-treated rats, but not in the rats treated with free NRG [141].





6. Conclusions and Future Directions


Several pre-clinical studies suggest NRG potential use against a wide range of diseases due to its broad-spectrum pharmacological effects both in vitro and in vivo. However, its low solubility in water and low oral availability limits the use of this natural product in pre-clinic and clinical research studies. Nanotechnology has proven to be an efficient way to improve the availability of NRG through different delivery routes and to enhance its efficacy in the treatment of cancer, inflammation, diabetes, liver, brain, and ocular diseases through several in vitro and in vivo methods. There are several potential therapeutic applications of pure NRG that could still be improved using NRG-loaded nanoparticles, such as: infectious, pulmonary, and cardiovascular diseases. Despite that pure NRG has already been studied in a limited number of clinical trials, there is still a need to further investigate the free drug and the NRG-loaded nanosystems in humans. Gaining knowledge about the interactions with the human body is still necessary to translate these nanoformulations to pharmaceutical products nutraceutical supplements.
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Figure 1. Chemical structure of naringenin. Gray spheres: carbon atoms; yellow spheres: hydrogen atoms; red spheres: oxygen atoms. 
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Figure 2. Delivery limitations of naringenin. 
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Figure 3. Different nanoparticles for the delivery of naringenin. (a) Genipin-crosslinked ß-casein micelles. Reproduced with permission from [101], Elsevier, 2020. (b) Nanosized naringenin-(ß-casein) complexes. Reproduced with permission [103]. (c) Whey protein isolate (WPI) as nanocarriers for naringenin. Reproduced with permission from [104], Elsevier, 2020. 
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Figure 4. Naringenin–loaded nanostructured lipid carriers. Reproduced with permission from [114], Elsevier, 2019. 
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Figure 5. Therapeutic applications of naringenin-loaded nanocarriers. 
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Figure 6. Naringenin embedded within a nanohybrid hydrogel. Reproduced with permission from [142], Elsevier, 2020. 
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Figure 7. NRG-loaded gelatin-coated polycaprolactone to ameliorate oxygen glucose deprivation-induced inflammatory stress on human mesenchymal stem cells. Reproduced with permission from [161], ACS publications, 2018. Abbreviations: iNOS, inducible nitric oxide synthase; NAR, naringenin; NPs, nanoparticles; PCL, polycaprolactone. 
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Figure 8. Alginate coated chitosan coreshell nanocarrier system for naringenin delivery. Reproduced with permission from [181], Elsevier, 2017. 
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Table 1. Some of the potential therapeutic applications of naringenin-loaded nanoparticles and their advantages compared to pure naringenin.
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	Potential Therapeutic Application
	Platform
	Dose (Model)
	Effects on Biological Parameters
	Key Results
	Reference





	Lung cancer
	Polymeric nanoparticles
	50 mg/kg

(urethane-induced lung cancer in rat albino wistar rat and A549 lung cancer cells and)
	IC50 of 5.33 µMNRG-loaded nanoparticle compared with 25.1 µM for free NRG in A549 lung cancer cells.
	NRG-loaded PCL nanoparticles decorated with hyaluronic acid were able to enhance the anticancer effect and cellular uptake of NRG in lung cancer cells nanoparticles and to suppress tumor growth in rats with urethane-induced lung cancer.
	[135]



	Colorectal cancer
	Polymeric nanoparticles
	40 mg/kg

(murine colon-26 tumor-bearing BALB/c mice)
	Mice survival rates were 83.33% and 33.33% for NRG-loaded nanoparticles and free NRG, respectively.
	NRG delivered with eudragit E-100 nanoparticles showed a significantly higher bioavailability, enhanced cytotoxicity in cancer cells, and significantly inhibited tumor growth and enhanced survival rate in mice-bearing colorectal tumors.
	[136]



	Pancreatic cancer
	Polymeric nanoparticles
	0-60 µM

(pancreatic cell line)
	After 72 h, the IC50 was 32.08 µg/mL and 73.2 µg/mL for NRG-loaded nanoparticles and free NRG, respectively.
	Treatment with NRG-loaded PLGA nanoparticles showed increased cytotoxicity in pancreatic cancer cells compared to NRG alone.
	[137]



	Parkinson’s disease
	Nanoemulsion
	40 mg/mL

(6-OHDA induced Parkinson’s disease in rats)
	The antioxidant activity (DPPH test) of NRG nanoemulsion was 95.28 ± 0.64 % compared with 78.32 ±

0.81 % for free NRG
	Intranasal administration of NRG nanoemulsion and levodopa lead to reversing Parkinson’s disease symptoms in rats.
	[138]



	Lipopolysaccharide-induced inflammation
	Polymeric nanoparticles
	10 µg/mL to 200 µg/mL (LPS induced RAW264.7 cells)
	Nitrite levels at a conceteration of 25 µg/mL of NRG were significantly lower when NRG-loaded nanoparticles were used compared with free NRG.
	PVP-coated NRG nanoparticles showed anti-inflammatory effects on lipopolysaccharide-induced inflammation in RAW264.7 macrophage cells through the downregulation of iNOS and COX-2 expression after inhibiting MAPK and NF-κB pathways.
	[139]



	Wound healing
	Nanoemulsion
	2 mg/mL once daily for 14 days

(albino Wistar rats with abrasion wound)
	NRG-loaded nanoemulsion showed mild to moderate penetration of inflammatory cells infiltration into the dermis, whereas the blank formulation showed acanthosis and infiltration of inflammatory cells into the dermis
	Chitosan-coated NRG nanoemulsion showed a controlled release profile and significantly ameliorated the wound’s construction and stimulated the skin regeneration.
	[68]



	Ocular inflammation
	Nanocomplexes
	5 mg/mL

(New Zealand white rabbits)
	conjunctiva swelling, congestion, and iris hyperemia were milder when NRG nanocomplexes were used compared with free NRG and control.
	NRG PVP nanocomplex dispersion had better antioxidant properties and was well-tolerated with a significant improvement in terms of anti-inflammatory effects and intraocular permeation in the rabbit eyes.
	[82]



	Nonalcoholic fatty liver
	Liposomes
	25 mg/

kg/day for NRG-loaded liposomes and 25, 50, 100 mg/

kg/day for free NRG

(nonalcoholic fatty liver in male C57BL/6J mice)
	NRG-loaded showed significantly better effects on AST, ALT, TG, and lipid accumulation compared with free NRG at the same dose; however, NRG-loaded liposomes showed comparable effects to free NRG at a dose of 100 mg/

kg/day.
	Nanoliposomes loaded with NRG significantly improved the oral bioavailability of NRG and showed hepatoprotective effects in mice with nonalcoholic fatty liver disease with lower effective doses compared to NRG alone.
	[140]



	Diabetes
	Polymeric nanoparticles
	25 mg/kg (streptozotocin-induced diabetic rats)
	After treatment blood glucose levels were 83.3 ± 6.0 mg/dL and 126.4 ± 5.1 mg/dL for NRG-loaded nanoparticles and free NRG, respectively.
	NRG-loaded PLGA nanoparticles normalized the blood glucose level in diabetic rats, increased insulin levels, reduced glycated hemoglobin level, ameliorated oxidative stress, hyperlipidemia, and hyperglycemia.
	[141]







NRG: naringenin; PCL: polycaprolactone; GI50: 50% cell growth inhibition; PLGA: poly(lactic-co-glycolic acid); IC50: half maximal inhibitory concentration; DPPH: 2,2-diphenyl-1-picrylhydrazyl; 6-OHDA: 6-hydroxydopamine; AST: aspartate transaminase; ALT: alanine transaminase; TG: triglyceride; PVP: polyvinylpyrrolidone; iNOS: inducible nitric oxide synthase; COX-2: cyclooxygenase-2; MAPK: mitogen-activated protein kinase; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B-cells.
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