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Abstract

:

Oxyresveratrol has recently attracted much research attention due to its simple chemical structure and diverse therapeutic potentials. Previous reviews describe the chemistry and biological activities of this phytoalexin, but additional coverage and greater accessibility are still needed. The current review provides a more comprehensive summary, covering research from 1955 to the present year. Oxyresveratrol occurs in both gymnosperms and angiosperms. However, it has never been reported in plants in the subclass Sympetalae, and this point might be of both chemotaxonomic and biosynthetic importance. Oxyresveratrol can be easily obtained from plant materials by conventional methods, and several systems for both qualitative and quantitative analysis of oxyresveratrol contents in plant materials and plant products are available. Oxyresveratrol possesses diverse biological and pharmacological activities such as the inhibition of tyrosinase and melanogenesis, antioxidant and anti-inflammatory activities, and protective effects against neurological disorders and digestive ailments. However, the unfavorable pharmacokinetic properties of oxyresveratrol, including low water solubility and poor oral availability and stability, have posed challenges to its development as a useful therapeutic agent. Recently, several delivery systems have emerged, with promising outcomes that may improve chances for the clinical study of oxyresveratrol.
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1. Introduction


Oxyresveratrol (2,3′,4,5′-tetrahydroxystilbene) is one of the natural stilbenes that has recently received much attention due to its simple chemical structure and diverse therapeutic potentials. Previous reviews describe the chemistry and biological activities of this phytoalexin [1,2], but additional coverage and greater accessibility are necessary.



The structure of oxyresveratrol (systematic name: 4-[(E)-2-(3,5-dihydroxyphenyl)-ethenyl] benzene-1,3-diol; C14H12O4) contains a trans-1,2-diphenylethylene nucleus with two OH groups on each of the aromatic rings (Figure 1).



Oxyresveratrol (ORV, 1) is believed to be derived from resveratrol (2), a better-known polyhydroxystilbene [3,4,5], but no experimental evidence has yet been obtained. The A-ring and ethylene bridge carbons are assumed to come together from 4-hydroxycinnamoyl-CoA, and the B ring carbons are from three units of malonyl-CoA through the mixed shikimate-acetate pathway. The Aldol reaction of the starting molecules occurs to yield resveratrol after decarboxylation. Hydroxylation at C-2 of resveratrol generates ORV [5]. In the literature, two different carbon numbering systems for ORV (I and II) are in use (Figure 1), and this, at times, leads to confusion, particularly when the positions of the OHs are indicated. This review adopts the first system (I), in line with most reports.



ORV (1) occurs in both free and glycosidic forms. Although the compound has four OH groups, it has not been reported in the form of a tri- or tetra-O-glycoside. Until recently, only mono- and di-O-glucosidic ORVs have been isolated and characterized. Mono-O-glucosylated ORVs have been found to exist as a 2-, 4- or 3′-O-glucoside [6,7,8,9,10,11,12,13,14]. The only natural di-glucosidic ORV identified so far is oxyresveratrol 3′,4-diglucoside, most often known as mulberroside A (3) [15] (Figure 2). Some glycosidic ORVs have a cis configuration; for example, cis-mulberroside A (4) and cis-Oxyresveratrol 4-glucoside (5) [15,16,17] (Figure 2). However, natural ORV in a free form is found only in the trans configuration.




2. Natural Sources


This review focuses on the natural occurrence of free ORV, as summarized in Table 1. These data may at first seem to suggest that ORV has a wide distribution in the plant kingdom, ranging from the gymnosperms to the angiosperms, but a thorough analysis of the records reveals that the compound indeed occurs sporadically and only in certain plant families.



In gymnosperms, ORV was reported from just one single plant, Gnetum hainensis (Gnetaceae) [21] (Table 1), although its oligomers were found in several species of Gnetum [18,19,20,21,22,23,24,25].



As for angiosperms, ORV occurs in only four families of the class Monocotyledons, i.e., Poaceae, Liliaceae, Smilacaceae, and Melanthiaceae. It should be noted that the last three families are in the same order, Liliales [127].



In the class Dicotyledons, ORV is present only in the subclasses Apetalae (Monochlamydeae) and Polypetalae, particularly in the families Moraceae, Myrtaceae, Rutaceae, Rosaceae, Vitaceae, Fabaceae, and Caesalpiniaceae. In the Moraceae, ORV is concentrated in two genera, i.e., Artocarpus and Morus. Interestingly, ORV (1) is completely absent in the subclass Sympetalae (Gamopetalae), although resveratrol (2), its parent analog, is found in a few members of this taxon [127]. It can be seen that the uneven occurrence of ORV in these taxonomic groups is indeed parallel to the artificial classification of flowering plants. Thus, it could be hypothesized that all the sympetalous plants lack the enzyme that catalyzes the 2-hydroxylation reaction of resveratrol (Figure 1), and this may be taken as evidence for a monophyletic relationship among the members of the clade Asterids in the modern Angiosperm Phylogeny Group (APG) system.



2.1. Extraction, Isolation, and Identification


In most studies, ORV is extracted and isolated from plant materials by classical methods, consisting of two major steps, i.e., (a) solvent extraction and (b) chromatographic separation, with variations in detail. A few unconventional techniques are noted, such as microwave-assisted extraction (MAE) and ultrasonic-assisted extraction (UAE). For example, MAE was used to extract ORV from the twig and root of Morus alba [91,101,102,103], whereas the UAE technique was applied for the extraction of ORV from the bark and root of Morus atropurpurea, Morus alba, and Morus latifolia [92], and from the bark of Morus nigra [114].



The physical constants and spectroscopic properties (particularly NMR data) of both natural and synthetic ORV are presented in numerous reports [14,21,34,42,49,56,57,72,76,107,128]. The data for the crystal structure of ORV in the form of dihydrate are also available [129].




2.2. Qualitative and Quantitative Analysis


In recent decades, several analytical methods have been developed for detecting and quantifying ORV in plant materials. Most systems consist of two main parts: (a) separation, e.g., high-performance liquid chromatography (HPLC), and (b) detection, e.g., UV/photodiode array detection and/or high-resolution mass spectrometry (MS). For example, a reversed-phase HPLC system using a linear gradient of acetonitrile-phosphoric acid in water with UV detection was employed to determine the stilbenoids (including ORV) present in Smilax china [30]. The ORV contents in the fruits and leaves of eight species of Morus were analyzed by an HPLC system comprising a reversed-phase column with a methanol-water mixture and UV detection [108]. An LC-ESI-MS/MS (liquid chromatography/electrospray ionization–mass spectrometry) system was developed for the quantitation of oxyresveratrol content in the root of Smilax china [35,36].



Thin-layer chromatography (TLC)-based analytical methods have been suggested as a simpler alternative, requiring less sophisticated instrumentation than the HPLC. A validated TLC densitometric method for the determination of ORV contents in Artocarpus lakoocha heartwood and traditional drug ‘Puag-Haad’ samples was reported [46]. In another study, a TLC analytical system was developed and employed to detect ORV in Morus alba (root and bark) and M. rubra (stem and leaves), in comparison with the traditional HPLC method [98].



An analytical method based on a monoclonal antibody produced in mice was recently developed for the quantitation of ORV in plant materials and products [130]. The immunogen was generated from the Mannich reaction of ORV with cationized bovine serum albumin (cBSA). An antibody specific to ORV was obtained and then applied in the form of an indirect competitive enzyme-linked immunosorbent assay (ELISA) to determine the ORV contents in commercial products of Artocapus lakoocha.





3. Production


3.1. Chemical Synthesis


The first chemical synthesis of ORV was reported in 1970 [131,132]. ORV was obtained by the Wittig reaction of triphenyl-[3,5-dihydroxybenzyl]-phosphonium bromide with silylated 2,4-dihydroxybenzaldehyde in the presence of an excess of phenyl lithium (Figure 3). This synthetic strategy was also used to prepare ORV and related compounds in a cytotoxicity study [133].



The second synthetic route for the preparation of ORV and related analogs was based on the Perkin condensation reaction of 3,5-dimethoxyphenylacetic acid with a corresponding substituted phenylaldehyde [134,135]. First, 3,5-dimethoxyphenylacetic acid was prepared from 3,5-dihydroxyacetophenone through a methylation reaction and Willgerodt–Kindler rearrangement. For the preparation of ORV, the first step started with a Perkin reaction of 3,5-dimethoxyphenylacetic acid with 2,5-dimethoxyphenylaldehyde to provide 2,3-diarylcrylic acid with the two aromatic rings in a cis-relationship. This diarylcrylic acid intermediate was then decarboxylated with Cu/quinoline at 220 °C and then subjected to a simultaneous demethylation/isomerization process by AlI3 in CH3CN to furnish ORV (Figure 4).



More recently, a simple two-step synthesis of ORV was reported [136]. 2,4-Dihydroxyiodobenzene was allowed to react with acrylic acid under Heck reaction conditions (Pd catalyzed reaction) to provide an intermediate that, after decarboxylation and coupling with 3,5-dihydroxyiodobenzene through Heck reaction, yielded ORV (Figure 5).



It is noteworthy that ORV is light-sensitive, as it was reported that this compound rapidly underwent a trans-cis-photoisomerization and photodegradation by UV irradiation in ethanol solution [137].




3.2. Biotransformation


3.2.1. Enzymatic Deglycosylation


Glycosidic ORVs occur naturally in large amounts in several plants, and thus offer a promising source of starting materials for producing ORV through enzymatic deglycosylation. Several procedures for the removal of the sugar units have been reported. The first study describes the use of cellulase to catalyze the deglycosylation reaction of ORV glucosides in a Veratrum patulum extract [138]. ORV could also be produced from mulberroside A in a Morus alba root extract through a hydrolytic reaction catalyzed by the enzyme Pectinex [139,140], as well as by the enzyme extract obtained from the acid bacterium Leuconostoc paramesenteroides [141].



More recently, ORV was prepared from pinosylvin or resveratrol through a hydroxylation reaction catalyzed by unspecific peroxygenases from the basidiomycete fungi Agrocybe aegerita and Coprinopsis cinerea in the presence of H2O2 [142].




3.2.2. Plant Cultures


An attempt to produce ORV from callus cultures of Artocarpus lakoocha was carried out, but only a trace amount of the target compound was detected [5]. By contrast, several protocols for producing ORV from Morus alba cultures were successfully established. In a Morus alba cell suspension, mulberroside A was generated and then deglycosylated by an endogenous enzyme to provide ORV in situ [143]. Large amounts of ORV could also be obtained from a Morus alba callus culture incubated with the elicitor 2-hydroxypropyl-β-cyclodextrin [144]. An immobilized cell culture of Morus alba that produced large amounts of muberroside A and ORV was also demonstrated [145]. The production of ORV could be increased by the addition of the precursor l-tyrosine or the elicitors methyl jasmonate and yeast extract. Similar enhancements were also observed when l-tyrosine or a combination of methyl jasmonate and yeast extract was added to the root culture of Morus alba [146].






4. Biological and Pharmacological Activities


4.1. Inhibition of Tyrosinase Melanogenesis and Browning


Tyrosinase is a copper-containing enzyme, and it is mostly known for its roles in the production of melanin pigments (melanogenesis) in skin, eyes, and hair, as well as in the browning of vegetables and fruits [147]. The enzyme catalyzes the conversion of l-tyrosine (monophenolase activity) or l-dopa (diphenolase activity) into dopaquinone which, upon cyclization followed by oxidation and polymerization, produces melanin (Figure 6).



Table 2 summarizes the studies on tyrosinase inhibitory activity and potential applications of ORV. It can be seen from the table that mushroom tyrosinase has been extensively used in the preliminary investigations.



ORV inhibited mushroom tyrosinase in a non-competitive manner when l-dopa was employed as the substrate [139,148,150]. This was also confirmed by a detailed study using combined techniques of fluorescence spectroscopy and circular dichroism (CD) [49]. However, when l-tyrosine was the substrate, differing results were obtained. The first study suggested a reversible noncompetitive mode of inhibition [47], but a subsequent report described ORV as a competitive inhibitor [77]. In more recent investigations, ORV was concluded to be a reversible mixed-type inhibitor, based on the Ki and Ki′ values obtained from the Lineweaver–Burk plots [139,155]. In addition, ORV was found to exhibit a synergistic inhibitory effect with dioscin, a steroidal saponin, in a study with mushroom tyrosinase [34].



Tyrosinase enzymes from other sources, such as murine (lysates of B16/B16-F10 cells) and human (lysates of HEK293-TYR or HEM cells), were also tested and found to be inhibited by ORV in a similar fashion [128,149]. Numerous studies of ORV were conducted on cellular tyrosinase. ORV showed suppression of melanogenesis in murine melanoma B16/B16-F10 cells [49,61,68,128,153,154,156,157,158] and human PIG1 melanocytes [152], all in a dose-dependent manner. ORV reduced tyrosinase-related protein-1 (TRP-1) and tyrosinase-related protein-2 (TRP-2) productions in B16-F10 cells via downregulation of microphthalmia-associated transcription factor (MITF) [68]. In a study on the binding of ORV to tyrosinase using fluorescence and circular dichroism spectroscopic techniques, it was found that there was a static interaction between ORV and the enzyme through van der Waals forces and hydrogen bonding [153]. Furthermore, the results from molecular modeling studies indicated that ORV did not bind directly to the copper ion of the enzyme but instead formed hydrogen bonds to nearby histidine residues (His259 and His263). These interactions help to explain the stability of the enzyme-inhibitor complex and the high inhibitory potency of ORV [97,153].



ORV was studied for effects on melanogenesis in several animal models. ORV suppressed melanogenesis in zebrafish embryos [97]. It reduced melanin production and simultaneously increased the life span of the nematode Caenorhabditis elegans [49]. Topical application of an extract of Morus alba (containing ORV) on the skin of brown guinea pigs attenuated UV-B-induced skin pigmentation [77]. In a similar study, the skin epidermal cells of animals were collected and examined by Western blot and qRT-PCR mRNA analysis. The results indicated that ORV reduced the levels of tyrosinase, TRP-1, and MITF by suppressing the expression of Tyr, Trp1, and Mitf genes [159].



When evaluated on human skin equivalents, MelanoDerm (MEL-300-B), ORV showed a profound hypopigmentation effect [60]. In human trials, an Artocarpus lakoocha extract (ALE), which contained ORV about 80% w/w, was studied for skin whitening effects. A 0.10% ALE lotion was applied onto the cheeks or upper arms of the volunteers, two times daily for four weeks. Significant whitening effects were observed after two weeks of application and continued toward the end of the study [160]. ORV appears safe for external use as it did not cause any irritation, edema, or erythema in an assessment using a model of white guinea pigs [161].



The potential application of ORV in the agricultural area was also explored. The optimal anti-browning effect of ORV in cloudy apple juices was attained at a concentration of 0.01%. Fresh-cut apple slices required some additives, such as isoascorbic acid, calcium chloride, and acetylcysteine, to achieve similar effects [78].




4.2. Antioxidant and Anti-Inflammatory Activities


ORV has been extensively investigated for antioxidant and anti-inflammatory activities as these attributes are widely considered to be the underlying mechanisms of several pharmacological properties. There is a large body of literature in this area, as illustrated in Table 3.



ORV has been studied for inhibitory activity against several types of reactive chemical species, such as DPPH, O2• −, HO•, ABTS• +, H2O2, and NO• (Table 3). The protective activity of ORV against lipid peroxidation has been investigated in several testing systems, including FeSO4/H2O2 in rat liver microsomes [106], FeSO4/ascorbic acid in rat brain homogenates [76], and AAPH (2,2′-Azobis-2-methyl-propanimidamide dihydrochloride) in liposomes [54]. ORV showed weak inhibitory activity on COX-1, COX-2, and lipoxygenase-1 [42,166], and toward DMBA (7,12-dimethylbenz [a] anthracene)-induced preneoplastic lesions with MMOC (mouse mammary in organ culture) [42]. ORV inhibited the platelet-activating factor (PAF)-induced release of β-glucuronidase in rat polymorphonuclear leukocytes [117].



Many studies aimed to investigate the connections between the antioxidant/anti-inflammatory activity and the neuroprotective effects of ORV. ORV was found to protect cultured rat cortical neurons from N-methyl-D-aspartate (NMDA)-induced toxicity by suppressing both the generation of ROS and the increase in intracellular Ca2+ concentration [31]. In a study using murine N9 microglial cells and primary mixed glial cultures, ORV showed strong NO scavenging activity but did not inhibit the activity of iNOS (inducible nitric oxide synthase) and the expression of iNOS protein [94]. In a study with cultured P19 cells under oxidative stress induced by serum deprivation, ORV prevented neuronal cell death and improved neurite growth [167]. In murine BV-2 microglial cells treated with lipopolysaccharide (LPS), ORV suppressed the release of NO, TNF-α, iNOS, IL-1β, and IL-6 through MAPKs (ERK1/2, JNK, and p38) and NF-κB signaling pathways [168]. ORV showed protective activity against H2O2-induced injury in PC12 cells in a dose-dependent manner [172].



Murine macrophage RAW 264.7 cells have been used in several studies of anti-inflammatory activity. ORV reduced lipopolysaccharide (LPS)-induced NO production by suppressing iNOS expression, with very little effect on iNOS activity [106,169]. ORV also decreased prostaglandin E2 (PGE2) generation through the downregulation of COX-2 protein expression [47,169]. Besides, ORV inhibited the production of interleukin 6 (IL-6) and granulocyte macrophage colony-stimulating factor (GM-CSF), as well as the phosphorylation of mitogen-activated protein kinases (MAPKs), extracellular signal-regulated kinase (ERK), and c-JunN-terminal kinase (JNK) [170].



Some studies on the anti-inflammatory activity of ORV were carried out using human cell lines. In human periodontal ligament (hPDL) cells treated with LPS (lipopolysaccharide), ORV inhibited the expression of IL-6 and IL-8 at both mRNA and protein levels [173]. In a study with human primary epidermal keratinocytes irradiated with UV-A, ORV prevented the cell damage by suppressing the generation of ROS and nitrotyrosine and the increase in the levels of 8-hydroxy-2′-deoxyguanosine (8-OHdG) and cyclobutane pyrimidine dimers (CPDs) [68]. ORV protected human lens epithelial cells (HLECs) from H2O2-induced oxidative stress and inhibited apoptosis through the activation of the Akt and heme oxygenase-1 (HO-1) pathways [174]. FOXO3a (Forkhead box O3) is a transcription factor known to be important in several biological functions, such as DNA repair and detoxification of ROS. ORV was shown to suppress the ROS level in human embryonic fibroblast (HEF) cells by upregulating Manganese superoxide dismutase (MnSOD) through the activation of FOXO3a [175].



ORV suppressed the migration of human Jurkat leukemic T cells induced by SDF-1 (stromal cell-derived factor 1) via inhibition of the MEK/ERK pathways [93]. In a study with interleukin-1β (IL-1β)-stimulated C28/I2 human chondrocyte cells, ORV suppressed MMP-13 (matrix metalloproteinase-13) production [169]. In HMC3 human microglial cells treated with IL-1β, ORV decreased the release of IL-6 and MCP-1 through the suppression of the PI3K/AKT/p70S6K and ERK1/2 MAPK pathways [181].



In a study with MCF-7 (human breast adenocarcinoma) cells, ORV was found to induce cell proliferation by activating the estrogen receptor (ER)-mediated transcription and increase the levels of estrogen-targeted gene expression and ERα/β protein production [176]. The molecular docking scores indicated that the compound could bind to and act as an agonist of both ER receptors. A detailed study in LPS-stimulated RAW264.7 cells showed that ORV downregulated NF-κB transcription and suppressed the increase in phospho-IκB-α and phospho-p65 protein levels in an ER-dependent manner [176]. These experimental data suggested that estrogenic receptor signaling is one of the possible mechanisms of action. In a recent molecular modeling study aiming to investigate the potential of ORV to treat pelvic inflammatory disease, ORV showed a high binding affinity to matrix metalloprotein-9 [185].



ORV showed significant anti-inflammatory activity in a rat model of carrageenan-induced hind-paw edema (CARA) [106]. Subsequent studies with LPS-simulated RAW 264.7 cells suggested that the key mechanisms involved the suppression of the nuclear translocation of NF-κB, the production of prostaglandin E2 (PGE2), and the activity of cyclooxygenase-2 (COX-2) [106,169].



In rat mast cells, ORV inhibited histamine release induced by concanvalin A [122]. In a study using a mouse model of allergic airway inflammation, the animals were immunized by intraperitoneal injection with OVA. Treatment with ORV via the intraperitoneal route reduced the total leucocyte counts in both the blood and the bronchoalveolar lavage fluid. The molecular mechanisms involved the attenuation of inflammatory cell infiltration and goblet cell hyperplasia, as well as the suppression of Th2 (T helper cells)-type immune response [182].



The demonstrated anti-inflammatory properties of ORV have also pointed to the potential of ORV as a therapeutic agent for inflammatory bowel diseases, such as Crohn’s disease and ulcerative colitis. In human intestinal Caco-2 cells, ORV showed a strengthening effect on tight junctions [177,178]. Studies in human intestinal goblet LS 174T cells revealed that ORV could stimulate mucin production, and the activity was found to be NAD+-dependent and involved the induction of autophagy through the endoplasmic reticulum (ER) stress pathway [179,180]. An extract of Morus alba containing oxyresveratrol was studied for therapeutic potential in colitis using the models of LPS-treated RAW 264.7 murine macrophage cells and dextran sodium sulfate (DSS)-treated mice. The extract suppressed inflammation and stimulated mucin production in a manner similar to that of ORV [171]. In a rat model of dextran sulfate sodium (DSS)-induced colitis, ORV reduced inflammation within the intestine by inhibiting COX-2, iNOS expression, and apoptosis of the epithelial cells [184]. Another investigation using a mouse model of ethanol-induced ulcer found that pretreatment with oral ORV reduced ulcer scores and ulcer index, as determined from the increased gastric pH and the decreased expression levels of IL-6, TNF-α, NF-ĸB, and COX-2, with unaltered COX-1 expression levels [183].



It should be mentioned that, despite numerous reports on its antioxidant activity, as well as its inhibitory activity against tyrosinase (a multi-copper-containing enzyme), ORV was reported to behave like a pro-oxidant in the presence of Cu2+ ions in a recent study [186].




4.3. Neuroprotective Activity


4.3.1. Ischemia and Stroke


An extract prepared from Smilacis china rhizome (with ORV as the major component) was studied for potential applications in neurological disorders in a rat model of MCAO-induced focal cerebral ischemia. The orally administered extract reduced the infarction volume with no significant change in body temperature [31]. In another investigation, a transient rat middle cerebral artery occlusion (MCAO) model was employed. Intraperitoneally administered ORV reduced the brain infarct volume, cytochrome c release, and caspase-3 activation, resulting in a decrease in the number of apoptotic neurons [187]. The high levels of ORV observed in the infarct region suggested a high blood–brain barrier (BBB) permeability of ORV in the bloodstream. The direct action of ORV on the affected area implied its potential use in stroke [188]. Another study revealed that ORV could also inhibit neuronal cell death induced by stretch injury, implying an application in traumatic brain injury [189].




4.3.2. Alzheimer’s Disease (AD)


ORV inhibited butyryl cholinesterase with a potency close to that of galantamine, a cholinesterase inhibitor drug used for treating AD [44]. It also blocked a recombinant human β-secretase (β-site amyloid precursor protein cleaving enzyme 1, BACE1) in a non-competitive fashion, with a Ki value of 5.4 μM, as determined from the Dixon plot [28]. However, in a recent virtual evaluation using the 3D BACE1 structure retrieved from the protein data bank (PDB), ORV did not show a high docking score [190]. In a study using cultured rat cortical neurons treated with amyloid β protein (25–35) (Aβ 25–35), ORV prevented cell death by suppressing the levels of cytoplasmic [Ca2+] and reducing glutamate release and ROS generation [27]. In Neuro2a neuroblastoma cells, ORV induced caspase-3-dependent cell death and autophagy, and inhibited γ-secretase, one of the key enzymes involved in the production of β-amyloid (Aβ) from the amyloid precursor protein (APP) [191]. ORV reduced the secretion of soluble APPs in Neuro2a cells and decreased the level of Aβ1–42 in HEK293 human embryonic kidney cells [191]. In a study with primary cortical astrocytes, ORV promoted autophagy through the activation of AMP-activated protein kinase and unc-51-like autophagy activating kinase 1 (ULK1). In addition, ORV attenuated corticosterone-induced APP production in these neuronal cells [192].



In an AD model of mice injected intracerebroventricularly with the amyloid β peptide Aβ25–35, oral ORV (in a self-microemulsifying drug delivery system, SMEDDS) reduced behavior impairments, lipid oxidations, and neuronal loss in the hippocampus [193].




4.3.3. Parkinson’s Disease (PD)


In an in vitro PD model of SH-SY5Y cells treated with 6-hydroxydopamine (6-OHDA), ORV attenuated the increase in lactate dehydrogenase level, caspase-3 activity, and ROS production induced by 6-OHDA. ORV exerted activity through suppression of the c-Jun N-terminal kinase (JNK) pathway and the elevation of SIRT1 protein [79]. It should be noted that the cytotoxic potential of ORV against SH-SY5Y cells has been controversial. In an investigation, ORV was reported to be cytotoxic toward SH-SY5Y cells at as low as 120 μM [194]. However, a more recent study reported that ORV did not show toxicity at a concentration up to 200 μM in a 24 h incubation [195]. Moreover, in hybrid murine neuroblastoma-glioma Mes23.5 cells treated with 6-OHDA, ORV prevented cell death by inhibiting the transcription of activating transcription factor 4 [196].



In an in vivo PD model of rats injected with 6-OHDA at the median forebrain bundle, ORV given by oral gavage could reduce motor impairments, as examined by rotation, cylinder, and rotarod tests, but the compound did not prevent dopaminergic neuronal loss [197]. In rats subcutaneously injected with rotenone, oral administration of ORV reduced motor impairments and MDA levels, enhanced catalase activity, and preserved dopaminergic neurons in the substantia nigra [198].




4.3.4. Other Models of Neuroprotective Activity


Oral administration of ORV to mice injected intraperitoneally with ethanol showed a decrease in DNA damage in the cerebellum and cerebral cortex [41]. In mice treated with an intracerebroventricular injection of kainic acid (KA), pretreatment with oral ORV prevented hippocampal neuronal cell death through the suppression of Forkhead homeobox type O3a (FoxO3a) levels and pFoxO3a protein expression in the hippocampus [199].



ORV was investigated in a rat model of spinal cord injury (SCI). Intraperitoneal injection of ORV improved motor impairments and attenuated an increase in spinal cord water content. Biochemical and Western blot analyses of the blood obtained from the eye socket and spinal cord tissue of the animals revealed that ORV suppressed the activities of NF-κB/p65, TNF-α, IL-1β, and IL-6, and reversed MDA, SOD, GSH, and GSH-PX levels through the iNOS, COX-2, and GM-CSF/Nrf2 pathways [200].





4.4. Hepatoprotective Activity


Human liver Hep G2 cells have been used in several studies. ORV was reported to protect Hep G2 cells from tacrine-induced toxicity [75]. In HepG2 cells treated with nicotine, ORV prevented cytotoxicity by reducing ROS generation in the mitochondria and upregulating CYP2A6 expression, thereby accelerating the conversion of nicotine into cotinine [35]. ORV could also reduce ROS production and cell death triggered by tert-butyl hydroperoxide [201]. In a study of the effects of ORV on microsomal enzymes, ORV showed moderate inhibition of CYP3A4/5 but weak activity on CYP1A2 and CYP2C8 [202].



ORV was also evaluated for potential applications in nonalcoholic fatty liver disease (NAFLD). The compound inhibited hepatic lipogenesis in Hep G2 cells by suppressing LXRα–SREBP-1c-mediated lipogenic gene induction through the LKB1/AMPK pathway [203]. In mice fed with a high-fat diet (HFD), the fat accumulation was attenuated by oral administration with ORV without bodyweight reduction. ORV reduced lipid droplets and hepatic steatosis regions, as well as several serum parameters, including plasma fasting glucose, total cholesterol, and LDL levels [203]. ORV showed protective activity on the liver of mice fed with ethanol (EtOH) [16]. Oral administration of ORV restored the decreased levels of reduced glutathione and antioxidant enzyme activities induced by EtOH. ORV also suppressed the elevated levels of lipid peroxidation, cytochrome P450 2E1 activity, iron concentration, and mitochondrial permeability.



In mice injected intraperitoneally with carbon tetrachloride (CCl4), oral administration of ORV prevented acute liver injury through the suppression of inflammatory cell infiltration and increases in the levels of alanine transaminase (ALT) and aspartate aminotransferase (AST) [201]. The hepatoprotective activity of ORV was also confirmed by a study in rats treated with CCl4 [204]. Intragastrical administration of ORV ameliorated liver oxidative damage. Detailed studies revealed that ORV reduced the mRNA transcription expressions of α-smooth muscle actin (α-SMA), desmin, and two matrix metalloproteinases (MMP2 and MMP9). ORV also caused the downregulation of transforming growth factor β1 (TGF-β1), p-small mother against the decapentaplegic protein (Smad) l/2, and p-extracellular signal-regulated kinases (ERK) l/2 in the liver tissue. In another study, ORV was also found to inhibit the activation of Smad 3 [205]. When compared to resveratrol (2), ORV (1) showed a higher protective effect. It was proposed that the OH group at C-2 of 1 provides additional electron delocalization, resulting in higher antioxidative and hepatoprotective activities [204].



ORV also prevented liver damage in mice injected with alloxan intraperitoneally. Oral ORV suppressed the alloxan-induced elevation of ALT and AST activities and the generation of malondialdehyde. ORV also increased the levels of reduced glutathione concentration, as well as superoxide dismutase and catalase activities [81]. Similar effects on the activities of these two enzymes were observed when ORV was given to mice under isoniazid-induced oxidative stress [206].



In mice injected with lipopolysaccharide and D-galactosamine (LPS/D-GalN), acute liver injury could be prevented by oral administration of ORV. The compound decreased the activities of ALT and AST and suppressed the levels of enzymes and products caused by oxidative stress, as well as the expressions of several inflammatory mediators. The mechanisms involved the downregulation of the Toll-like receptor 4/nuclear factor-kappa B (TLR4/NF-κB) signaling and the activation of the Kelch-like ECH-associated protein 1(Keap1)-nuclear factor erythroid 2-related factor 2 (Nrf2) pathway [207,208].




4.5. Anticancer Activity


Although a few reports on the in vitro cytotoxicity of ORV against several cancer cell lines have been published, so far, no studies in animals have been reported. In primary screening, ORV showed weak cytotoxicity against murine leukemia P-388 cells [110], as well as several human cancer cell lines, including KB, BC, NCI-H187, HepG2, A549, Col2, A2780, BGC-823, and MCF-7 [117,133,150,209]. However, full O-methylation of ORV led to a substantial increase in cytotoxicity [150]. This phenomenon was also observed for tetra-O-methyl ORV, which suppressed the viability and migration of human MCF-7 breast tumor cells [210].



Interestingly, ORV induced caspase-independent cell death in the highly chemo-resistant, triple-negative human breast cancer MDA-MB-231 cell line through the generation of ROS [211]. In a study with MCF-10A cells, ORV weakly inhibited NF-κB/DNA binding induced by the carcinogen TPA (12-O-tetradecanoylphorbol-13-acetate) [212]. ORV also showed selective cytotoxicity against human gastric cancer BGC-823 cells [117].



In osteosarcoma cell Saos-2 cells, ORV inhibited cell viability and induced apoptosis by suppressing the activation of STAT3 (signal transducer and activator of transcription 3) [213]. ORV also induced apoptosis of human bladder cancer T24 cells in a dose- and time-dependent manner [214]. In a study to evaluate the antiproliferative and antiangiogenic effects on HSC-3, HN-8, and HN-30 squamous cell carcinoma cells, ORV showed a dose-dependent inhibition of cell growth through the suppression of vascular endothelial growth factor (VEGF) expression at both the mRNA and protein levels [215]. ORV suppressed H22 hepatocellular carcinoma growth and lymph node metastasis [216].



A few virtual screening studies focusing on the anticancer activity of ORV have been reported. In a molecular docking study, ORV showed weak affinity with human cyclophilin D (CyPD) protein, the target for the treatment of oral carcinoma [217]. Using multi-spectroscopic techniques and molecular docking analysis, combined with in vitro data, a study predicted that ORV could interact with human serum albumin (HSA) and enhance the anticancer activity of the drug mitoxantrone [218]. Through bioinformatic analysis of the biochemical data, it was proposed that ORV could exert its cytotoxic potential against HCT116 and SW620 human colon cancer cells by inducing apoptosis and suppressing cell proliferation [219].




4.6. Metabolic Disorders


4.6.1. Glucose Metabolism


α-Glucosidase is an intestinal enzyme responsible for digesting dietary carbohydrates into glucose for intestinal absorption. Inhibitors of this enzyme have been used clinically to control postprandial hyperglycemia. In a study with α-glucosidase from Saccharomyces cerevisiae, ORV inhibited the enzyme in a non-competitive manner, with a higher potency than that of the drug acarbose [220]. The ORV–enzyme complex was studied by analysis of the fluorescence quenching spectrum and confirmed by a molecular docking study. However, when evaluated in differentiated Caco-2 cells, ORV showed weaker inhibitory activity than acarbose on maltose hydrolysis [221]. More importantly, ORV did not inhibit pancreatic amylase. This should be an advantage of ORV, as ORV should not cause abdominal bloating, flatulence, or diarrhea, as seen in the drug acarbose. ORV also reduced the glucose transport in Caco-2 cells in a dose-dependent manner, and this property might enhance its ability to suppress postprandial hyperglycemia [222].



Glucokinase is also an enzyme that has an important role in blood glucose homeostasis, as it controls glucose disposal and glycogen synthesis in the liver. The results from an in vitro assay in HepG2 cells, together with the data from a molecular docking study, suggested that ORV could bind to glucokinase and stimulate the activity of the enzyme [223].



ORV showed strong antiglycation activity. It blocked the formation of advanced glycation end products (AGEs) more effectively than the positive control aminoguanidine [54,224,225].



The postprandial hypoglycemic effects of ORV and Morus alba extracts were investigated in streptozotocin-induced diabetic rats [85] and mice [96]. Oral administration of ORV reduced the fasting plasma glucose level but increased the hepatic glucose transporter 2 transcription and glycogen content, without effects on plasma insulin concentration and intestinal disaccharidase activity [96].



ORV weakly stimulated insulin secretion in MIN 6 (mouse insulinoma 6) cells under H2O2-induced oxidative stress [226]. In insulin-resistant C57BLKS/J db/db mice fed with a high-fat diet, oral ORV suppressed the fasting blood glucose level, elevated the levels of insulin and C-peptide, and improved pancreatic β-cell dysfunction [227]. ORV stimulated insulin secretion in INS-1 cells and showed an anti-glycation potential through the inhibition of advanced glycation end-product formation [227].




4.6.2. Lipid Metabolism


ORV was investigated for effects on adipogenesis in 3T3-L1 cells. The compound decreased cellular triacylglycerol accumulation by inducing cell cycle arrest in the G1 phase through the downregulation of cyclin D1, cyclin-dependent kinase 4 (CDK4), and cyclin-dependent kinase inhibitor 1B (P27/kip1) expression [228]. A study with a Morus alba extract containing ORV as the major component gave comparable results [90]. In a recent in silico study, ORV showed a high affinity to PPAR γ, implying a promising ADME profile [229]. ORV showed significant inhibitory activity on rat 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase and squalene synthase [138]. A study in C2C12 myoblasts revealed that ORV could activate the expression of estrogen receptor-related receptor (ERR)/PGC-1β complex-mediated gene and, thus, might have the ability to increase energy expenditure [230].



In a study with Triton WR-1339-induced hyperlipidemic rats, pretreatment with oral ORV reduced the levels of serum lipids but increased high-density lipoprotein cholesterol (HDL-C) levels [231]. In high-cholesterol diet (HCD)-induced hyperlipidemic rats, oral ORV showed a decrease in serum lipids, coronary artery risk index (CRI), and atherogenic index (AI), but not HDL-C [231]. Comparable results were obtained for a Morus alba extract containing high amounts of ORV [232]. The anti-hyperlipidemic effects were in parallel with the elevated expressions of lecithin cholesterol acyltransferase (LCAT), cholesterol 7α- hydroxylase (CYP7A1) and low-density lipoprotein receptor (LDLR), and the suppression of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) and acyl coenzyme A cholesterol acyltransferase-2 (ACAT2) levels [232]. The anti-obesity activity of ORV was also observed in a study with high-fat diet (HFD)-fed mice [233]. ORV was found to attenuate lipid accumulation and adipocyte differentiation in 3T3-L1 and C3H10T1/2 cells, and to suppress an increase in energy expenditure in C3H10T1/2 adipocytes through Foxo3a-mediated induction of the thermogenic genes [233].



Several studies were carried out on C57BL/6 obese mice fed with a high-fat diet (HFD) [234,235,236]. Supplementation with ORV reduced insulin resistance, hyperglycemia, and hepatic steatosis. Several biochemical cascades were involved in the observed hypolipidemic effects [234,235].





4.7. Antimicrobial Activity


4.7.1. Antiviral Activity


ORV weakly inhibited the growth of human immunodeficiency virus type 1 (HIV-1) in vitro [37,52]. The compound exhibited moderate inhibitory activity in vitro against herpes simplex types 1 and 2 (HSV-1 and HSV-2) in an inactivation assay [52]. A subsequent study revealed that ORV inhibited HSV-1 growth at the early and late phase of replication, suppressed late protein synthesis, and possessed in vitro synergistic effects with the drug acyclovir [237]. In an in vivo study with mice cutaneously infected with HSV-1, oral administration of ORV delayed herpetic skin lesion development. Topical application of ORV in the form of an ointment or a cream significantly slowed the development of skin lesions and rescued the mice from death [237,238], but less efficacy was observed for ORV in the form of microemulsion [239].



ORV exhibited moderate inhibitory activity in vitro against other viruses, including varicella-zoster virus (VZV or chickenpox virus) [240] and African swine fever virus (ASFV, a porcine pathogen) [241], but no activity was observable in chikungunya virus (CHIKV) [242].




4.7.2. Antibacterial Activity


ORV showed recognizable inhibitory activity in vitro against the periodontal pathogenic bacteria Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans [173]. In a study with Streptococcus mutans, a pathogen of dental caries, ORV inhibited bacterial growth, biofilm formation, and acid production in a dose-dependent manner [243].



A preliminary study on the antibacterial activity of ORV against Staphylococcus aureus, Bacillus subtilis, Micrococcus flavus, Streptococcus faecalis, Salmonella abony, and Pseudomonas aeruginosa was described [114]. ORV showed weak antibacterial activity in vitro against six standard strains and two clinical isolates of Staphylococcus aureus [244]. When evaluated against methicillin-resistant Staphylococcus aureus (MRSA), ORV displayed discernable inhibitory activity and exerted synergistic effects with the drugs ciprofloxacin and gentamicin by increasing the permeability of bacterial cell membrane and inhibiting the enzyme ATPase [86,245]. ORV inhibited the growth of the uropathogenic Escherichia coli by suppressing biofilm formation, swarming motility, fimbriae production, and hemagglutination ability of the bacteria [246].



The effect of ORV on quorum sensing (QS), a Gram-negative bacterial cell-to-cell communication system, was studied in Chromobacterium violaceum CV026 [247]. ORV inhibited the bacterial signaling, as indicated by the reduced amounts of the pigment violacein. Further studies in Pseudomonas aeruginosa PAO1 revealed that ORV reduced the production of pyocyanin and swarming motility, without effects on bacterial growth [247]. In a study of the effects of ORV on the composition of fecal microbiota grown under anerobic conditions, ORV decreased the Firmicutes to Bacteroidetes ratio and the relative abundance of strains from the genus Clostridium but increased the growth of Faecalibacterium prausnitzii. As a result, ORV was reduced to dihydrooxyresveratrol by hydrogenation at the olefinic bond [248,249].




4.7.3. Antifungal Activity


ORV, as a phytoalexin, has inspired a great deal of interest in its antifungal activity [11,71,73,87,125,250,251,252]. Studies on the heartwood of the osage orange Maclura pomifera (originally described as Toxylon pomiferum) suggested that large amounts of ORV were produced in response to the threat from the wood-decaying fungi Trametes versicolor and Gloeophyllwn trabeum [71,73]. A recent investigation revealed that ORV inhibited glutathione transferase Omega (TvGSTO2S), a wood degrading enzyme found in Trametes versicolor [251].



The antifungal effects of ORV on several dermatophytes, including Trichophyton rubrum, Trichophyton mentagrophytes, Trichophyton tonsurans, Microsporum canis, Microsporum gypseum, and Epidermophyton floccosum, were reported [125,250]. ORV also showed synergistic effects with the antifungal drug miconazole nitrate against T. rubrum [87]. The inhibitory activity of ORV on Candida albicans is still controversial. In previous studies [125,250], ORV showed no activity against Candida albicans but, in a more recent investigation [252], ORV was reported to inhibit the growth of Candida albicans by binding to the DNA, causing DNA cleavage and apoptotic cell death.





4.8. Other Activities


ORV showed weak insecticidal activity against the Colorado potato beetle Leptinotarsa decemlineata, as compared with the pesticide lambda-cyhalothrin [10]. ORV also exhibited weak larvicidal activity against the mosquito Aedes aegypti, as compared with permethrin [40]. ORV weakly inhibited the promastigotes and cellular amastigotes of Leishmania amazonensis, the parasite that causes cutaneous leishmaniasis in humans [253]. ORV was reported to show modest antiplasmodial activity against the chloroquine-resistant Plasmodium falciparum 3D7 and Swiss mice infected with Plasmodium berghei [43].



ORV demonstrated inhibitory activity on several enzymes, including rat brain monoamine oxidase A [107], rat adenosine triphosphatase (ATPase) [254], human cytochrome P450s (CYPs) 1A1, 1A2, and 1B1 [255], xanthine oxidase [33,256], phosphodiesterase-4 (PDE4) [257], and trypsin and lysozyme [258].



A study using UV and Raman spectroscopic techniques indicated that the toxicity of the carcinogen crotonaldehyde could be inhibited by ORV [259]. ORV showed muscle relaxant activity on rat tracheal smooth muscles, both in normal conditions and on contractions induced by histamine [260].



The anti-atherosclerotic and anti-fibrotic potentials of ORV were studied in a model of atherosclerosis-prone apolipoprotein E-deficient (Apoe−/−) mice fed with a high-fat diet. ORV reduced myocardial fibrosis development by suppressing the fibrotic and atherosclerotic markers/molecular signals in the CD137/Smad/NFATc1 pathway through the upregulation of miR-145 [261].



ORV expanded the life span of Caenorhabditis elegans (C. elegans) by increasing the mRNA expression of sir-2.1 and aak-2 genes and the expression level of SIR-2.1 protein and by activating the AMP-activated protein kinase (AMPK) pathway [262]. Higher lifespan extension could also be obtained with ORV complexed with a hyper-branched cyclodextrin-based nanosponge [263]. In Saccharomyces cerevisiae, ORV increased the lifespan of yeast via inhibition of the enzyme phosphodiesterase type 2 (PDE2) [264]. Anthelmintic activity against Fasciola gigantica was reported for an extract of Artocarpus lakoocha (no amount of ORV was described) [265].




4.9. Comparative Activities of Oxyresveratrol (1) and Resveratrol (2)


Resveratrol (2) is one of the most studied natural stilbenes due to its wide range of promising health benefits [266]. As mentioned earlier, ORV (1) is believed to be biosynthetically derived from (2), and several comparative studies of the biological/pharmacological activities of the two stilbenes have been reported. Table 4 highlights selected studies.



Although generalization of these activities is not possible, we can make some observations. For example, ORV (1) possesses higher antioxidant activity than resveratrol (2) in all the test models, except in the ORAC assay. This is because the antioxidant mechanism in the ORAC assay is based on a hydrogen atom transfer (HAT) [267]. The other evaluation methods involve a single electron transfer (SET), a mixed HAT/SET, or a reaction adduct formation mechanism [268,269], all of which benefit from the additional electron delocalization from the OH-2 group in (1). This potent antioxidant activity may also be the underlying mechanism for the neuro- and hepato-protective activities of (1) [79,196,197,199,204]. In a recent molecular docking study, this OH-2 was found to form a hydrogen bond with the Met280 residue of the enzyme tyrosinase [153]. This interaction might also be the key element that accounts for the superior inhibitory activity of (1).





5. Pharmacokinetic Profile


The first study concerning the metabolism of ORV was carried out on a Morus alba extract containing ORV 3′,4-diglucoside (3) (also known as mulberroside A) as the major component. Experimental evidence suggested that, after oral administration of the extract to the rats, mulberroside A was absorbed and metabolized in the liver, released back into the bloodstream, and then excreted in the bile and urine in the form of ORV, ORV 2,3′-O-β-D-diglucuronide, and ORV 2-O-β-D-glucuronide-3′-O-sulfate [270,271]. However, in a more recent study, the results from analysis of the intestinal contents and feces of the animals indicated that hydrolysis of mulberroside A occurred before intestinal absorption [272].



The results from analysis of the plasma collected from rats orally administered with ORV indicated that ORV was rapidly absorbed from the gastrointestinal tract (tmax 15 min) and excreted in the bile and urine [273,274,275]. Further studies on the rat urine and bile samples by HPLC-MS/MS revealed that monoglucuronide and monosulfate of ORV were the major metabolites [276,277]. Several studies concluded that oral ORV was rapidly absorbed, and ORV in solution was absorbed and eliminated faster than in the form of suspension [278,279,280].



Recently, the metabolism of ORV in humans was determined, based on the evidence obtained from the studies on (a) the breakdown of mulberroside A by human intestinal bacteria and (b) the transport of mulberroside A and ORV across Caco-2 cell monolayers [281]. In humans, mulberroside A is rapidly deglycosylated by intestinal bacteria to provide two monoglucosides and ORV sequentially. ORV is then quickly absorbed and undergoes hepatic conjugation to provide ORV 2-O-β-D-glucuronide and ORV sulfate. A further study using human liver and intestinal microsomes revealed that 2-O-β-D-glucuronide is the major metabolite, and UDP-glucuronosyltransferases (UGTs) are the enzymes involved in the transformation [282].



A study of the effect of piperine on the pharmacokinetic profile of oral ORV was conducted [283]. The oral availability of ORV was enhanced twofold when given in a combination with piperine.




6. Delivery Systems


At present, there are only a few reports on the pharmacological activities of ORV. In vivo experiments are difficult to design because ORV has a low water solubility, poor bioavailability, and low stability compared with other bioactive candidates. In the last decade, several approaches to overcome these hurdles have been reported.



Encapsulation with cyclodextrins (CDs) is a promising strategy to improve the stability and oral availability of the guest molecule. Several preliminary studies showed that ORV could form a complex with several types of CDs, such as β-cyclodextrin (β-CD), hydroxypropyl-cyclodextrin (HP-β-CD), and methyl-β-cyclodextrin (M-β-CD), with varying KF values depending on several factors, such as temperature and pH [284,285,286,287]. The optimal formulations of ORV-CD complex powder could increase the water solubility of ORV up to 100-fold with enhanced stability and an unaltered dissolution rate [288]. A juice or milk product fortified with an ORV/β-CD complex was found to be stable for 5 weeks in typical storage, and was still bio-accessible, with a higher bacteriostatic effect, than free ORV [289]. In a recent development, ORV/CD-nanosponge complexes showed higher resistance to in vitro degradation and a higher inhibitory activity against prostate (PC-3), colon (HT-29 and HCT-116), and prostate (DU-145) cancer cells, as compared with free ORV [290,291].



A study compared two lipid-based systems for oral delivery of ORV, i.e., nanostructured lipid carriers (NLC) and solid lipid nanoparticles (SLN) in terms of physicochemical properties and oral availability [292]. The optimized ORV-NLC formulation showed preferable characteristics compared to the ORV-SLN, including smaller nanoparticle sizes with homogeneous size distribution and higher zeta potential, a higher percentage of entrapment, and better stability. It was concluded that the ORV-NLC showed a more sustained release and improved bioavailability of ORV.



In another study, a self-microemulsifying drug delivery system (SMEDDS) for oral delivery of ORV was developed [293]. The ORV-SMEDDS showed more favorable physical properties than both the ORV-NLC and the ORV-SLN, with higher drug loading, smaller particle sizes, and narrower size distribution [294]. All three delivery systems showed enhanced permeability and reduced efflux transport across the Caco-2 monolayer compared to the unformulated ORV. The ORV-SMEDDS showed slightly higher toxicity on the Caco-2 cells than the ORV-SLN and ORV-NLC. The ORV-SMEDDS formulation, however, was successfully employed for the study of a rat model of AD [193]. In the latest developments, several nanoemulsions of ORV, with improved oral bioavailability and transdermal absorption, have been reported [295].



As mentioned earlier, a novel approach to improve the pharmacokinetic profile of ORV was studied in rats using piperine as the bioenhancer. The oral bioavailability of ORV was increased twofold when ORV was co-administered with piperine [283].



Several attempts were also reported to improve the water solubility, stability, and bioavailability of ORV by crystallization with different organic molecules. Cocrystals of ORV and citric acid (CTA) were obtained using the ethyl acetate-assisted grinding method. The ORV-CTA cocrystals showed increased water solubility and enhanced permeability of ORV across the Caco-2 monolayer, without toxicity [296]. Cocrystals of ORV and proline (ORV-PRO) and nicotinamide (ORV-NCT) also showed enhanced solubility and dissolution in water [297,298].



A microemulsion of ORV, consisting of ethyl butyrate, Tween 80, PEG400, ascorbic acid, and water, showed improved solubility and stability, and exhibited higher anti-browning effects on fresh-cut lotus root slices than 4-hexylresorcinol [299].



When ORV was allowed to react with hexachlorocyclotriphosphazene, nanoparticles of highly cross-linked and monodispersed polyphosphazene with entrapped ORV (ORV-PPP) were formed [300]. The ORV-PPP complexes were stable and exhibited strong fluorescence against UV light; thus, they have potential uses as fluorescent labeling agents or drug carriers.




7. Conclusions


Oxyresveratrol has received tremendous attention in recent years. This review provides a comprehensive and up-to-date summary, covering research on oxyresveratrol from 1955 to May 2021. The occurrence and distribution of oxyresveratrol in the plant kingdom are of chemotaxonomic and biosynthetic importance. Oxyresveratrol can be obtained from several sources, including plants, chemical synthesis, and biotransformation. Several analytical methods for the determination of oxyresveratrol in plant materials and products are also available. Compelling evidence from many biological and pharmacological investigations suggests the enormous therapeutic potential of oxyresveratrol in several diseases. Studies on the pharmacokinetic profiles and delivery systems of oxyresveratrol have provided promising results and offered novel approaches for developing oxyresveratrol as a new therapeutic agent.
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Figure 1. Proposed biosynthesis of oxyresveratrol (ORV, 1). 
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Figure 2. Structures of some glucosidic ORVs. 
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Figure 3. Synthetic route of ORV (1) through Wittig reaction. 
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Figure 4. Synthetic route of ORV (1) through Perkin reaction. 
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Figure 5. Synthetic route of ORV (1) through Heck reaction. 
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Figure 6. Functions of tyrosinase. 
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Table 1. Distribution of oxyresveratrol (1) in free form.
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	Plant Name
	Family
	Reference





	Gymnosperms
	
	



	Gnetum africanum Welw.
	Gnetaceae
	[18]



	Gnetum cuspidatum Blume
	Gnetaceae
	[19]



	Gnetum gnemonoides Brongn.
	Gnetaceae
	[20]



	Gnetum hainanse C.Y. Cheng ex L.K. Fu, Y.F. Yu & M.G. Gilbert
	Gnetaceae
	[21,22]



	Gnetum montanum Markgr.
	Gnetaceae
	[23]



	Gnetum pendulum C.Y. Cheng
	Gnetaceae
	[24,25]



	Angiosperms
	
	



	1. Class: Monocotyledons
	
	



	Chrysopogon aciculatis (Retz.) Trin.
	Poaceae
	[26]



	Schoenocaulon officinale (Schltdl. & Cham.) A. Gray ex Benth.
	Liliaceae
	[6]



	Smilax china L.
	Smilacaceae
	[27,28,29,30,31,32,33,34,35,36,37]



	Smilax microphylla C.H.Wright
	Smilacaceae
	[38]



	Veratrum album L.
	Melanthiaceae
	[10]



	Veratrum dahuricum (Turcz.) Loes.
	Melanthiaceae
	[39]



	Veratrum grandiflorum (Maxim. Ex Baker) Loes.
	Melanthiaceae
	[11]



	Veratrum lobelianum Bernh.
	Melanthiaceae
	[40]



	Veratrum maackii Regel
	Melanthiaceae
	[41]



	2. Class: Dicotyledons
	
	



	2.1 Subclass: Apetalae (Monochlamydeae)
	
	



	Artocarpus dadah Miq.
	Moraceae
	[42,43]



	Artocarpus fulvicortex F.M. Jarret
	Moraceae
	[44]



	Artocarpus gomezianus Wall. ex Trécul.
	Moraceae
	[45,46]



	Artocarpus heterophyllus Lam.
	Moraceae
	[47,48,49]



	Artocarpus hirsutus Lam.
	Moraceae
	[50]



	Artocarpus hypargyreus Hance ex Benth.
	Moraceae
	[51]



	Artocarpus lakoocha Wall. ex Roxb./Artocarpus lacucha Buch.-Ham.
	Moraceae
	[52,53,54,55,56,57]



	Artocarpus nitidus subsp. lingnanensis (Merr.) F.M. Jarrett
	Moraceae
	[58]



	Artocarpus rigida Blume
	Moraceae
	[43]



	Artocarpus styracifolius Pierre
	Moraceae
	[59]



	Artocarpus. thailandicus C.C. Berg
	Moraceae
	[60]



	Artocarpus xanthocarpus Merr.
	Moraceae
	[61]



	Bagassa guianensis Aubl.
	Moraceae
	[62]



	Cudrania cochinchinensis (Lour.) Kudô & Masam.
	Moraceae
	[63,64,65]



	Cudrania tricuspidate (Carrière) Bureau ex Lavallée
	Moraceae
	[66,67,68,69]



	Maclura cochinchinensis (Lour.) Corner
	Moraceae
	[70]



	Maclura pomifera (Raf.) C.K. Schneid.
	Moraceae
	[71,72,73]



	Morus alba L.
	Moraceae
	[74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108]



	Morus atropurpurea Roxb.
	Moraceae
	[92,93,108]



	Morus australis Poir.
	Moraceae
	[108,109,110]



	Morus bombycis Koidz
	Moraceae
	[93,111]



	Morus cathayana Hemsl.
	Moraceae
	[108]



	Morus laevigata Wall. ex Brandis
	Moraceae
	[108]



	Morus latifolia Poir.
	Moraceae
	[85]



	Morus macroura Miq.
	Moraceae
	[112,113]



	Morus multicaulis Perr.
	Moraceae
	[108]



	Morus nigra L.
	Moraceae
	[14,108,114,115,116]



	Morus rubra L.
	Moraceae
	[98]



	Morus wittiorum Hand.-Mazz.
	Moraceae
	[117]



	Morus yunnanensis Koidz.
	Moraceae
	[118]



	2.2 Subclass: Polypetalae
	
	



	Caesalpinia furfuracea (Prain) Hattink
	Caesalpiniaceae
	[119]



	Cassia garrettiana (Craib) H.S. Irwin & Barneby
	Caesalpiniaceae
	[120]



	Glycosmis pentaphylla (Retz.) DC.
	Rutaceae
	[121]



	Melaleuca Leucadendron L.
	Myrtaceae
	[122]



	Prunus dulcis (Mill.) D.A. Webb
	Rosaceae
	[123]



	Pterocarpus marsupium Roxb.
	Fabaceae
	[124]



	Spirotropis longifolia (DC.) Baill.
	Fabaceae
	[125]



	Tetrastigma hemsleyanum Diels et Gilg.
	Vitaceae
	[126]
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Table 2. Inhibition of tyrosinase and related activities by ORV (1).
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	Model
	Reference





	Mushroom tyrosinase
	[14,34,37,49,61,63,67,77,84,97,109,111,124,128,138,139,141,148,149,150,151,152,153,154,155]



	Murine tyrosinase from cell lysates
	[128,149]



	Human tyrosinase from cell lysates
	[128]



	Cellular tyrosinase/melanogenesis
	[49,61,68,77,97,124,128,138,152,153,154,156,157,158,159]



	Hypopigmentation in animals
	[49,77,97,159]



	Depigmentation in humans
	[160]



	Anti-browning effect
	[78]
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Table 3. Antioxidant and anti-inflammatory activities of ORV.
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	Model
	Reference





	DPPH (1,1-diphenyl-2-picrylhydrazyl radical)
	[54,61,75,80,90,94,106,114,124,157,162]



	O2• − (superoxide anion)
	[61,75,80,162,163]



	HO• (hydroxyl radical)
	[80]



	ABTS• + (2,2′-azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid radical)
	[61,90,116,157,164]



	H2O2 and NO• (nitric oxide radical)
	[90,94,165]



	Ferric reducing ability of plasma (FRAP)
	[90,164]



	Peroxy radical oxygen radical absorbance capacity (ORAC)
	[90,164]



	Rat liver microsomes
	[106]



	Rat brain homogenates
	[76]



	Liposomes
	[54]



	Cyclooxygenase-1 (COX-1), cyclooxygenase-2 (COX-2), and lipoxygenases
	[42,166]



	Mouse mammary in organ culture
	[42]



	Mouse microglial cells and primary mixed glial cultures
	[94]



	Mouse P19 cells
	[167]



	Mouse BV-2 microglial cells
	[168]



	Mouse macrophage RAW 264.7.cells
	[47,106,169,170,171]



	Rat mast cells
	[122]



	Rat polymorphonuclear leukocytes (PMNs)
	[117]



	Rat cortical neurons
	[27]



	Rat PC12 pheochromocytoma cells
	[172]



	Human Jurkat leukemic T cells
	[93]



	Human periodontal ligament (hPDL) cells
	[173]



	Human lens epithelial cells (HLECs)
	[174]



	Human primary epidermal keratinocytes
	[68]



	Human embryonic fibroblast (HEF) cells
	[175]



	Human chondrocyte cells
	[169]



	Human breast adenocarcinoma cells
	[176]



	Human intestinal Caco-2 cells
	[177,178]



	Human intestinal goblet LS 174T cells
	[179,180]



	Human microglia cells
	[181]



	Mouse model of ovalbumin (OVA)-induced allergic airway inflammation
	[182]



	Mouse model of ethanol-induced ulceration
	[183]



	Mouse model of dextran sodium sulfate-treated colitis
	[171]



	Rat model of carrageenan-induced hind-paw edema
	[106,169]



	Rat model of dextran sulfate sodium-induced colitis
	[184]



	Molecular docking
	[185]
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Table 4. Comparison of selected biological/pharmacological activities of oxyresveratrol and resveratrol.
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Biological/Pharmacological Activity

	
Oxyresveratrol

	
Resveratrol

	
Reference






	
(1) Antioxidant and anti-inflammatory activities

	

	

	




	
DPPH

	
higher

	

	
[61,94]




	
O2− •

	
higher

	

	
[61]




	
H2O2

	
higher

	

	
[94,165]




	
NO•

	
higher

	

	
[94]




	
FRAP

	
higher

	

	
[164]




	
ABTS+ •

	
higher

	

	
[61,116,164]




	
ORAC

	

	
higher

	
[164]




	
Inhibition of LPS-induced production of NO in BV-2 microglial cells

	

	
higher

	
[18,168]




	
COX-1, COX-2

	

	
higher

	
[166]




	
5-Lipoxigenase

	
higher

	

	
[166]




	
Protection against CCl4--induced liver fibrosis in rats

	
higher

	

	
[204]




	
Inhibition of PAF-induced release of β-glucuronidase in rat polymorphonuclear leukocytes

	
higher

	

	
[117]




	
(2) Inhibition of tyrosinase or melanogensis

	

	

	




	
Mushroom tyrosinase (l-dopa)

	
higher

	

	
[124,138,148]




	

	
higher

	
[152]




	
Mushroom tyrosinase (l-tyrosine)

	
higher

	

	
[61,138,151,152]




	
Murine tyrosinase (l-tyrosine)

	
higher

	

	
[149]




	
Cellular tyrosinase activity and melanogenesis in B16F0 cells

	
higher

	

	
[128,153]




	
Melanogenesis in Streptomyces bikiniensis

	
higher

	

	
[154]




	
(3) Neuroprotection

	

	

	




	
Prevention of 6-OHDA neurotoxicity

(Model of Parkinson’s disease)

	
higher

	

	
[79,196,197]




	
Prevention of KA neurotoxicity

	
higher

	

	
[199]




	
Prevention of EtOH neurotoxicity

	

	
higher

	
[41]




	
(4) Glucose and lipid metabolism

	

	

	




	
Inhibition of α-glucosidase

	
higher

	

	
[220]




	
Stimulation of insulin secretion in MIN 6 cells

	
higher

	

	
[226]




	
Stimulation of glucokinase activity and expression

	

	
higher

	
[223]




	
Inhibition of AGE (advanced glycation end-products) formation

	

	

	




	
Model of BSA-acrolein

	
higher

	

	
[225]




	
Model of BSA-glucose

	
higher

	

	
[124]




	
Model of BSA-methylglyoxal

	

	
higher

	
[225]




	
Stimulation of PGC-1β-mediated gene expression (Peroxisome proliferator activated receptor gamma co-activator-1β)

	
higher

	

	
[230]




	
Reduction of Firmicutes to Bacteroidetes ratio (F/B) in feces

	

	
higher

	
[248]




	
(5) Antimicrobial activities

	

	

	




	
Antifungal activity

	
higher

	

	
[125]




	
Inhibition of Staphylococcus aureus (Gram positive)

	
higher

	

	
[244]




	
Inhibition of quorum-sensing of Chromobacterium violaceum (Gram negative)

	

	
higher

	
[247]




	
(6) Others

	

	

	




	
Inhibition of phosphodiesterase-2

	
higher

	

	
[264]




	
Inhibition of phosphodiesterase-4

	

	
higher

	
[257]
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