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Resveratrol-Based Nanoformulations as an Emerging Therapeutic Strategy for Cancer
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Resveratrol is a polyphenolic stilbene derivative widely present in grapes and red wine. Broadly known for its antioxidant effects, numerous studies have also indicated that it exerts anti-inflammatory and antiaging abilities and a great potential in cancer therapy. Regrettably, the oral administration of resveratrol has pharmacokinetic and physicochemical limitations such as hampering its effects so that effective administration methods are demanding to ensure its efficiency. Thus, the present review explores the published data on the application of resveratrol nanoformulations in cancer therapy, with the use of different types of nanodelivery systems. Mechanisms of action with a potential use in cancer therapy, negative effects, and the influence of resveratrol nanoformulations in different types of cancer are also highlighted. Finally, the toxicological features of nanoresveratrol are also discussed.
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INTRODUCTION

Molecular targeted therapy has been developed as a promising tool to overcome the lack of specificity of chemotherapeutic agents, and in such a framework, nanotechnology emerges as a powerful strategy (Gu et al., 2009; Sanna et al., 2013a). Presently, several smart drug delivery systems, such as carbon-based and polymeric materials, metallic nanoparticles, or liposomes, have been adopted for cancer treatment. In addition, a growing emphasis has been placed on naturally occurring bioactive compounds for chemotherapy and chemoprevention in several kinds of cancer, and secondly, there has been a more pronounced focus on nanotherapy where the proof-of-concept of cancer prevention using nanoformulations is in a stage of rapid development (Navya et al., 2019). Different nanoformulations have been compared to the already available anticancer drugs; among other aspects, they have revealed to be more soluble, stable, effective, and improved biodistribution pattern. However, careful attention must be paid in the development of effective targeted formulations that can contribute to raise therapeutic outcomes while exerting no significant damage to the tissues (Revia and Zhang, 2016; Navya et al., 2019).

Among active natural compounds, polyphenols are gaining high popularity because of their bioavailability traits and promissory beneficial effects, including antioxidant, anti-inflammatory, antiaging, and anticancer properties (Upadhyay and Dixit, 2015; Karakaya et al., 2019). Indeed, the role of polyphenols as oxidative stress modulators in cancer has been deeply discussed (Mileo and Miccadei, (n.d.)). However, considering their low stability as a limiting factor, the topical application of nanopolyphenols is thought to represent a valuable technology to overcome some limitations in pharmacokinetics, targeting efficacy, and safety concerns (Menaa et al., 2014). Among this broad class of compounds, resveratrol has gaining a key scientific interest due its good anticancer and antioxidant effects (Summerlin et al., 2015). Despite its isolation in 1939 firstly from the roots of the Japanese plant Polygonum cuspidatum (Timmers et al., 2012), resveratrol is an important antioxidant present abundantly in red grapes, red wine, and a variety of other dietary sources, such as peanuts, raspberries, blueberries, and mulberries (Chong et al., 2009; Jasiński et al., 2013; Weiskirchen and Weiskirchen, 2016; Jeandet et al., 2021).

This molecule is a natural stilbenoid with the chemical formula 3,5,4′-trihydroxy-trans-stilbene. Interestingly, resveratrol is a plant secondary metabolite, phytoalexin, produced as a result of the adaptive reaction to environmental stress factors, such as fungal infections, injury, and UV irradiation (Langcake and Pryce, 1976; Bhat et al., 2001a; Jeandet et al., 2010; Aluyen et al., 2012; Summerlin et al., 2015). With a broad action as an antioxidant (Öztürk et al., 2017), resveratrol has shown excellent chemopreventive and chemotherapeutic effects against certain types of cancers (Figure 1).
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FIGURE 1. Illustration showing various components discussed in the current review.


In a tumor microenvironment, resveratrol has shown to directly interfere with cancer initiation, promotion, and progression (significant stages of carcinogenesis) (Aggarwal et al., 2004; Summerlin et al., 2015; Velmurugan et al., 2018). In this respect, resveratrol stimulates the apoptosis of tumor cells, prevents tumor-derived nitric oxide synthase expression, blocks tumor growth and migration, and also inhibits the cyclooxygenase (COX) activity (Aggarwal et al., 2004). These specific mechanisms have been corroborated in different types of cancer, and recent studies have suggested that resveratrol may also be useful when given in combination with other agents (Singh et al., 2013). Indeed, the proposed mechanisms of action through which resveratrol exerts its anticancer effects involve multiple pathways. For example, based on tumor cell lines, the anti-proliferative and pro-apoptotic activities of resveratrol include the ability to modulate the expression of pro-oncogenic and tumor suppressor microRNAs (miRNAs), peroxisome proliferator-activated receptor (PPAR), nuclear factor-kappa B (NF-kB), nuclear respiratory factor- (NRF-) 1 and 2, gamma coactivator 1 alpha (PGC-1α) and p53 transcription factors, and transforming growth factor β (TGF-β) signaling pathways, to exert pro-di?erentiation abilities and act in synergy with conventional anticancer drugs (Vervandier-Fasseur and Latruffe, 2019). However, despite such excellent abilities (de Oliveira et al., 2019; Zhang et al., 2019), resveratrol has several limitations, such as low oxidative stability, poor water solubility, and high photosensitivity, which greatly restrict their application. Hence, nanotechnology can be an interesting technology to prevail these restraints (Ahmadi et al., 2019).

In this sense, the current review discusses the resveratrol anticancer mechanisms and gives a key emphasis on the potential use of its nanoformulations as an emerging cancer therapy, through the application of different kinds of nanodelivery systems.



MECHANISMS OF RESVERATROL TO INHIBIT CANCER PROGRESSION


Autophagy Induction

Autophagy is a self-destructive process (Glick et al., 2010) to ensure the survival or boost the death of altered/damaged cells, anticipating the environments of stress, damage, starvation, aging, and pathogen infection. In addition, autophagy also aids to remove mis-folded or aggregated proteins, depurate damaged organelles, and eliminate intracellular pathogens (Elshaer et al., 2018).

A reasonable strategy for the possible application of resveratrol in cancer treatment is through its ability to induce autophagic cell death by the overstimulation of autophagy in apoptosis-defective cells. The most well-known signaling pathways for resveratrol include the induction of autophagy by an increased activation and expression of sirtuin1 (SIRT1), the inhibition of protein kinase B/mammalian target of rapamycin (Akt/mTOR), and the activation of p38-mitogen-activated protein kinase (MAPK) as observed in cases of non-small-cell lung cancer (NSCLC) (Wang et al., 2018). In addition, it has been shown that a SIRT1 inhibitor (nicotinamide: 5 mmol/L) and an autophagy inhibitor (3 methyl adenine: 10 mmol/L) enhance the anti-tumor activity of resveratrol at 200 μM. Specifically, in head and neck cancer, a deficient autophagy triggers p62 accumulation (an autophagy adapter protein) (Tian et al., 2019), with resveratrol being able to stimulate autophagy and accelerate the p62 degradation, in addition to inhibiting the nuclear factor erythroid 2-related factor 2/antioxidant response element (Nrf2/ARE) pathway. In breast carcinoma, resveratrol led to an increase in phosphatase and tensin homolog (PTEN) protein levels while decreasing the Akt phosphorylation. In prostate and lung cancers (LCs), resveratrol incites a downregulation of stromal interaction molecule 1 (STIM1) and an inactivation of the mTOR pathway whereas in colorectal cancer, it boosts autophagy by increasing reactive oxygen species (ROS) production and inducing caspases-8 and−3 (Miki et al., 2012). In oral cancer, it triggers autophagy by increasing AMP-activated protein kinase (AMPK) phosphorylation (Chang et al., 2017), whereas in ovarian cancer, it stimulates Beclin-1 (Opipari et al., 2004). Finally and noteworthy, an excessive autophagic damage triggers cell death (Alayev et al., 2015).



Apoptosis Induction

In cellular regulative mechanism, resveratrol has revealed to be effective to induce apoptosis by binding with αvβ3 integrin, to activate extracellular signal-regulated kinase (ERK)1/2 via MAPK-kinase [mitogen-activated extracellular signal-regulated kinase (MEK1/2)] (Elshaer et al., 2018), an essential protein in the interaction of cancer cells. Yet, this have been reported to occur only at specific concentrations (1 pM−10 μM) and for short-term activation (Lin et al., 2011b). Being confirmed as the main mechanism in breast, prostate, ovarian, glial, head, and neck cancer cells (Lin et al., 2002, 2008a,b, 2011a; Zhang et al., 2004; Yang et al., 2011), other researchers have also shown that in addition to MAPK, resveratrol also intervenes in p38 kinase and cJun N-terminal kinase (Dong, 2003). Interestingly, it was also reported that the activated form of ERK1/2 induces the phosphorylation of p53 in several human cancer cell lines (Lin et al., 2011b), with resveratrol being able to induce p53-independent apoptosis. Indeed, the p53 oncogene suppressor protein is involved in apoptosis, having the ability to be coupled to DNA in its active form. In addition, resveratrol at a dose of 10 μM is able to boost the nuclear accumulation of COX-2 by p53-dependent apoptosis in breast, prostate, ovarian, head, and neck cancer cells (Lin et al., 2008a,b, 2011a). Specifically, the inducible COX-2 associated with small ubiquitin-related modifier-1 (SUMO-1) is transported to the nucleus and forms a complex with phosphorylated p53, and phosphorylated ERK1/2 and p300. These processes are activated in an ERK1/2 and a COX-2-dependent way. Moreover, inducible nuclear-accumulated COX-2 potentiates resveratrol-induced p53-dependent apoptosis.



Angiogenesis Inhibition

Angiogenesis is a necessary mechanism for cancer growth and development as cancer cells require blood vessels for nutrients and oxygen for its growth and metastasis. Increases in the expression and secretion of matrix metalloproteinases (MMP) play a key role in angiogenesis. In this regard, resveratrol is able to inhibit endothelial cell adhesion and migration by reducing an MMP-2 activity during neo-angiogenesis in both in vivo and ex vivo assays (Cao et al., 2005). This mechanism is particularly valuable in chemopreventive aspects. Other antiangiogenic activities performed by resveratrol include the inhibition of hypoxia-inducible factor-1alpha (HIF-1alpha) accumulation, an increased expression of thrombospondin-1 (TSP1), a natural inhibitor of angiogenesis (Trapp et al., 2010). Specifically, the treatment of melanoma cell lines (i.e., A375, M14, and YUZAZ6) with resveratrol for 72 h revealed a dose-dependent decrease in metabolic activity as measured by the XTT assay (Figure 1), with A375 cells revealing to be the most sensitive (IC50 = 28.79 μM), followed by YUZAZ6 cells (IC50 = 36.46 μM), and M14 cells (IC50 = 103.44 μM), which were the most resistant ones (Trapp et al., 2010). In addition, after a three-dimensional spheroidal co-culture, the treatment of resveratrol (50 μM, 48 h) led to a decrease in endothelial cell viability when grown in a coculture with A375, YUZAZ6, or WM3211 melanoma cell lines. Resveratrol decreases the expression of prostaglandins (PGs) by the inhibition of a COX-2 enzyme, which catalyzes the arachidonic acid conversion into PGs. In addition, both PGs and NO play an important role in cell proliferation and angiogenesis, which trigger tumor growth and metastasis (Trapp et al., 2010).



Metastasis Inhibition

Metastasis is the process of spreading cancer cells to healthy organs, usually through the blood or lymph. In this respect, resveratrol has shown to be able to decrease the expression levels of MMP-2 and MMP-9, fibronectin, α-smooth muscle actin (α-SMA), phosphorylated phosphatidylinositol 3-kinase (P-PI3K), phosphorylated-Akt (P-Akt), mothers against decapentaplegic homolog (Smad)2, Smad3, phosphorylated (P)-Smad, P-Smad3, vimentin, Snail1, and Slug while decreasing E-cadherin levels in MDA-MB-231 human breast cancer cells (Sun et al., 2019). These markers are characteristic of the TGF-β1-induced epithelial-mesenchymal transition (EMT), with resveratrol being able to inhibit the MDA231 cell migration via EMT. In a study, it was stated that MDA231, MDA-MB-453 (MDA453), MDA-MB-436 (MDA436), and BT549 (BT-549) cells treated with distinct concentrations of resveratrol for 3 days evidenced different patterns of cell survival. In 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay, cells treated with resveratrol at concentrations of 12.5, 100 μM for 48 h and 72 h presented a significant decrease in the survival rate compared to control cells. Using the transwell migration assays, resveratrol at concentrations of 12.5, 25, and 50 μM inhibited the migration of MDA231 cells, with the cell migration inhibition degree being concentration-dependent. Importantly, the EMT pathway has been often associated with tumor invasion and metastasis in ovarian, breast, colon, lung, prostate, oral, liver cancer, etc. (Guarino, 2007).



Cancer Cell Metabolism Reprograming

In cancer cells, there is an imbalance of metabolism, mainly in energy consumption-related pathways. Particularly, a marked change in glucose metabolism toward ATP generation has been progressively suggested (Elshaer et al., 2018). The administration of resveratrol has been shown to regulate the enzymatic activity of pyruvate dehydrogenase (PDH) in obtaining coenzyme A in colon cancer (Saunier et al., 2017). As main findings, the resveratrol-induced metabolic changes were described as related to the modifications at the level of expression of key proteins involved in glucose metabolism. In addition, it was stated that resveratrol did not modulate the glucose transporter 1 (GLUT1), rate-limiting enzyme of pentose phosphate pathway, i.e., glucose 6-phosphate dehydrogenase (G6PD), the enzyme that catalyzes the last step of the glycolysis pyruvate kinase M2 (PKM2), or lactate dehydrogenase A (LDHA), which converts pyruvate to lactate. The activity of the PDH complex was also measured in colon cancer cells following the treatment with 10 μM resveratrol for 48 h using [14C1]-pyruvate, and it was observed that the activity of PDH complex was enhanced by 2.6-fold. Various mechanisms involved in the ability of resveratrol to inhibit cancer progression are presented in Figure 2.
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FIGURE 2. Dominant pathways by which resveratrol inhibits cancer progression, including the induction of autophagy and apoptosis, inhibition of angiogenesis and metastasis, and reprogramming of the cellular metabolism.





COMPLEMENTARY CONFIRMATION RESEARCH OF ANTICANCER PROPERTIES


Inhibition of Lung Cancer

According to the WHO report, LC is the most common type of cancer worldwide. For men, this cancer represents the leading cause of death, whereas for women it is the second one. Noteworthy, there were 1.76 million deaths worldwide due to LC in 2018, and despite the advances stated in medicine and technology, the overall 5-year survival rate is <16% (Mao, 2016; WHO, 2018). Based on these data, the need for novel therapies and treatments for LC is evident.

In this regard, some authors addressed the ability of resveratrol to induce cell senescence as the doses required for senescence are lower than that needed to achieve apoptosis (Luo et al., 2013). As main findings, at a low dose (10–50 μM), in human NSCLC, resveratrol led to an increase in the expression of p53 and p51, and β-galactosidase (associated with senescence). Thus, the mechanisms by which resveratrol could induce premature senescence have been reported to be related to the increment in both DNA double-strand breaks and ROS production. Similarly, in another study, the effect of resveratrol on ROS production in human NSCLC cells (H129 cells) as well as in a breast cancer cell line (MCF-7 cells) was analyzed. It was concluded that, in both the lines, resveratrol treatment significantly increased the ROS levels while reducing the intracellular glutathione (GSH) levels (Kumar et al., 2015). Likewise, the authors evaluated the effect of resveratrol on the tumor protein (TP)53-induced glycolysis and apoptosis regulator (TIGAR). As main findings, 48 h after resveratrol treatment, both cell lines presented a dose-dependent decrease in TIGAR protein through the downregulation of mTOR signaling and an increment in Poly(ADP-ribose) polymerase (PARP) cleavage, considered the hallmark of an increase in cell death and apoptosis (Figure 3A) (Kumar et al., 2015).


[image: Figure 3]
FIGURE 3. Anticancer and chemoprotective effects of resveratrol. (A) Inhibition of lung cancer. (B) Inhibition of prostate cancer. (C) Chemoprotection in cancer treatment. TIGAR, tumor protein (TP) 53-induced glycolysis and apoptosis regulator; EMT, epithelial-mesenchymal transition; MTA, metastasis-associated protein; HDIL-2, high-dose interleukin-2; RV, resveratrol; MDSCs, myeloid-derived suppressor cells; VLS, vascular leak syndrome.




Inhibition of Prostate Cancer

Prostate cancer (PC) is the second most common cancer type in male subjects. Usually, it is treatable at early stages, however, there are over 2,50,000 deaths worldwide among clinically advanced cases. Genetic studies have shown that PC is related to DNA alterations triggering dysregulation in genes involved in PC development. Mutations in forkhead box A (FOXA)1, speckle-type POZ protein (SPOP), and TP53 as well as copy number alterations in MYC, PTEN, and retinoblastoma (RB)1 are the examples of recurrent modifications in PC (Joniau et al., 2014; Abstract and Brief, 2015; Robinson D. et al., 2015).

In this way, resveratrol has been proposed as a good therapeutic strategy in PC. Various studies have addressed the influence of resveratrol in PC through addressing its effects on EMT, a process associated with the progression of the disease (Li et al., 2014). As main findings, the authors observed a decrease in cell proliferation in the presence of resveratrol. In addition, the mesenchymal cell phenotype was less evident compared to control cells (without resveratrol). Thus, it was suggested that the anticancer properties of resveratrol could be linked to the ability to inhibit EMT, probably by the deactivation of a hedgehog signaling pathway (Li et al., 2014). Similarly, the effect of resveratrol in PC was also explored to elucidate the mode of action of this compound, being observed a critical downregulation of metastasis-associated protein (MTA1), which is highly related to the repressive chromatin involved with cancer progression and metastasis in three PC cell lines (Figure 3B) (Kai et al., 2010). Moreover, the modifications in the expression of miRNAs in PC include the overexpression and amplification of oncogenic miR-17~92 and miR-106b~25 clusters. In addition, it has been reported that some of these clusters are acting as a target to the tumor suppressor gene PTEN, which is often affected in PC. More recently, some data have revealed that both resveratrol and its potent natural analog, pterostilbene, are efficient in restoring the tumor suppressor gene PTEN, and might thus be viewed as an attractive miRNA-mediated chemopreventive and therapeutic agent (Dhar et al., 2015).



Chemoprotection in Cancer Treatment

Chemical therapy, radiation therapy, or immunotherapy are the most common therapeutic approaches used for cancer treatment. Despite the approaches being highly effective, they are also linked to significant undesired side effects, such as fatigue, insomnia, vascular syndromes, and cell injury (Mughal, 2010; Bower and Lamkin, 2013; Safarzadeh et al., 2014).

The search for chemoprotective molecules has become even more relevant in the last few years, with the use of resveratrol for chemoprotective purposes being increasingly reported as useful (Guan et al., 2012; Xu et al., 2012). For example, the interleukin- (IL-) 2 therapy promotes endothelial cells injury and induces vascular leak syndrome (VLS). Guan et al. (2012) analyzed the protective action of resveratrol in endothelial cells before high-dose IL-2 (HDIL-2) treatment. In that study, female C57BL/6 mice with VLS induced by HDIL-2 and treated with B16F10 melanoma cell line for tumor cell implantation were exposed to resveratrol. The results indicated that the treatment that begins 1 day after VLS induction and tumor implantation inhibited the expansion of VLS trigger by HDIL-2 therapy, possibly related to the ability of resveratrol to stimulate the suppressive functionality of myeloid-derived suppressor cells (MDSCs). MDSCs play a strategic role in suppressing the development of VLS. Additionally, cells were treated with resveratrol, IL-2, or both. The authors found that resveratrol inhibited the VLS and stimulated the expression of arginase (Arg) 1. Conversely, the IL-2 treatment did not inhibit the VLS development. Interestingly, the use of resveratrol in combination with HDIL-2 was more effective than the use of HDIL-2 alone, leading to a marked inhibition in LC growth (Figure 3C) (Guan et al., 2012).




POSSIBLE ADVERSE EFFECTS OF RESVERATROL IN CANCER

As described above, the anticancer properties of resveratrol are categorical, being stated a high potential to be employed as a co-adjuvant therapy for numerous types of cancer. However, some questions concerning the possible harmful effects of this nutraceutical still remain unanswered (Salehi et al., 2018). Indeed, although it has been shown that several phytochemicals, including resveratrol, exhibit a biphasic dose-response (Calabrese et al., 2010; Mukherjee et al., 2010; Jodynis-Liebert and Kujawska, 2020), this response is characterized by an opposite biological effect at different concentrations, a phenomenon called hormesis (Calabrese and Baldwin, 2002). For example, several studies have shown that resveratrol exerts biphasic effects on both the viability and proliferation of diverse cell lines (Tvrdá et al., 2015; Kumar et al., 2016; Plauth et al., 2016; San Hipólito-Luengo et al., 2017). A study demonstrated that low doses of resveratrol augment the viability of HepG2 (1–100 μM), normal human dermal fibroblasts (NHDF) (1–300 μM), and normal human epidermal keratinocyte (NHEK) (<50 μM) cell lines by 15%, 15%, and 20%, respectively (Plauth et al., 2016). In contrary, the doses of 500 μM of resveratrol led to a significant reduction on cell viability, i.e., 40% for HepG2 and 75% for NHDF and NHEC cells. According to the authors, this dual response could be due to the generation of oxidation products and increases in the expression of some cellular defense genes (Plauth et al., 2016). Another study found that, at 1, 10, and 20 μM, resveratrol increased the proliferation of neural progenitor cells by 10%, 35%, and 25%, respectively. Interestingly, at the doses of 50 and 100 μM, it produced an opposite effect, reducing cell proliferation by 50% and 65%, respectively. The authors claimed that these contrary effects are mediated by changes in the phosphorylation of p38 kinases and ERKs (Kumar et al., 2016). Likewise, a recent manuscript revealed similar trends following the use of resveratrol in colon cancer cell proliferation. As main findings, at the concentrations of 1–10 μM, resveratrol enhanced cell proliferation after 96 h of treatment, whereas at 50 and 100 μM it decreased the cell number, suggesting cytotoxicity. This effect was proposed by the authors as being mediated by the activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and to an increase in histone gamma (H2A) histone family member X (H2AX) (San Hipólito-Luengo et al., 2017). Interestingly, at low concentrations (1–50 μM), resveratrol diminished the levels of superoxide products, whereas at higher concentrations (100 and 200 μM) it markedly increased the production of superoxide. On the other hand, other potentially deleterious effects have been reported on resveratrol. In an independent study, resveratrol was able to inhibit the expression of cytochrome P450 3A4 (CYP3A4) (Deng et al., 2014), an enzyme that participates in the metabolism of many drugs whose inhibition may have significant implications when resveratrol is employed concomitantly with other drugs. For instance, resveratrol can interact with calcium channel agonists (Chai et al., 2017), immunosuppressants (Klonowska-Szymczyk et al., 2017), antihistaminic (Bedada et al., 2016), and anti-arrhythmic drugs (Stephan et al., 2017), affecting their biological activities and producing potentially severe side effects. Likewise, it has been shown that resveratrol may produce DNA damage (Liu et al., 2017) and interrupt cell cycle (Rüweler et al., 2009) that may result in a dangerous and an unwanted effect in healthy cells. Additionally, due to its chemical structure, resveratrol can act as an agonist or antagonist for estrogen receptors in several cell types (Gehm et al., 1997; Bhat et al., 2001b).

Some studies have shown that resveratrol may reduce the expression and activity of COX-1 and COX-2 enzymes, which result in decreased levels of PG-2 (Szewczuk et al., 2004; Tang et al., 2006; Zykova et al., 2008). Taken together, these findings led to the conclusion that the chronic use of resveratrol could lead to harmful gastrointestinal effects (Guha et al., 2010).

As noted, most therapeutic benefits of resveratrol are linked to its antioxidant, anti-inflammatory, neuroprotective, and cardioprotective activities (Bo et al., 2013; Carrizzo et al., 2013; Mokni et al., 2013; Zhang et al., 2018). Paradoxically, the abovementioned studies also point out a prooxidant action in cytotoxicity induced by high doses of resveratrol. Thus, it is feasible to speculate that both the dose of resveratrol and the redox state of its target site could determine either a beneficial or a toxic effect on cell viability and proliferation. This differential response could be of a particular interest in cancer where a selective cytotoxic effect in malignant cells is desirable. Consequently, despite the potential beneficial effects of resveratrol in cancer, further studies are needed to confirm their safety profile and to determine optimal therapeutic doses for every specific type of cancer.



RESVERATROL AS A NANODRUG

Nanoparticles are one type of drug delivery system increasingly exploited to overcome the limitations associated with the use of standard drug preparations, such as low bioavailability, instability, high-dose requirement, poor pharmacokinetics, and rapid first pass metabolism (Mudshinge et al., 2011). Multiple studies have shown that resveratrol encapsulated in diverse nanoparticles provides the protection for resveratrol against UV light via improving bioavailability in different targets (Summerlin et al., 2015). Furthermore, resveratrol-loaded liposomes have shown to be effective anti-proliferative agents in brain cancer cells such as U-87 MG cells through inhibiting cell growth and inducing apoptosis in nude mice (Teskač and Kristl, 2010; Duarte et al., 2015; Summerlin et al., 2015; Jhaveri et al., 2018; Latruffe and Vervandier-Fasseur, 2018; Lian et al., 2019). In addition, the combination of resveratrol and 5-fluorouracil- (5-FU) loaded ultradeformable liposomes in an ex vivo study showed the ability to penetrate and deposit in the deep porcine skin layer. In this respect, both drugs work as anticancer drugs by promoting apoptosis (Cosco et al., 2015). In another study, resveratrol nanoformulation combined with dequalinium exerted an anticancer activity in two cancer cell lines (resistant A549/cDDP lung cells and non-resistant A549 lung cells), via triggering cell apoptosis by a mitochondria pathway (Wang et al., 2011). A group of researchers found that resveratrol-loaded liposomes have a higher anti-proliferative activity on U-87 MG cells and also inhibit the tumor growth in nude mice (Jhaveri et al., 2018). Additionally, as human serum albumin (HSA) nanoparticles are becoming a non-toxic drug delivery system, and thus their inclusion for drug nanoencapsulation was also addressed in vitro (human liver cancer HepG2 cells) and in vivo (H22 tumor-bearing mice). In this regard, in a study, the HSA system was applied to the resveratrol study. Interestingly, it was found that resveratrol-loaded HSA combined with folic acid slowed down the drug release at the injection site, whereas HSA encapsulated resveratrol without folic acid led to a considerably higher accumulation of resveratrol in tumor. In addition, resveratrol-loaded HSA nanoparticles merged with folic acid was 6-fold more bioavailable than the application of free polyphenol (Ackova et al., 2019; Chaudhary et al., 2019; Lian et al., 2019; Santos et al., 2019). In another study, it was observed that folic acid-conjugated resveratrol in combination with docetaxel nanoparticle significantly enhanced the level of apoptotic PC cells by 30.9% and 65.9%, respectively. In addition, nanoparticles of folic acid + resveratrol + docetaxel momentously decreased the levels of anti-apoptotic (BCL-XL and BCL-2) genes and COX-2, NF-kB, p65, and pro-apoptotic (BAK and BAX) while a decrease in the survival rate of cancer cells and an enhancement of the cleaved caspase-3 expressions were reported after the folic acid-conjugated docetaxel formulation (Singh et al., 2018).

In lymph node carcinoma of the prostate (LNCaP) cells, polymeric nanoparticles encapsulating resveratrol significantly lowered the cell viability (IC50 = 15.6 ± 1.49 and IC90 = 41.1 ± 2.19 μM). Multiple mechanisms participated in this case, such as the induction of apoptosis, cell cycle arrest at G1/S, externalization of phosphatidylserine, DNA damage, ROS production, and mitochondrial membrane potential loss (Nassir et al., 2018). In an in vitro study with human HT-29 colorectal cancer cells, omega-3 polyunsaturated fatty acids (PUFA) encapsulated solid-lipid nanoparticles (SLN) with resveratrol showed an inhibitory effect on cell growth and cell invasion (Serini et al., 2018). Casein micelles incorporated with resveratrol in MCF-7 breast cancer cells considerably decreased the tumor volume and growth biomarkers (El-Far et al., 2018). In another study, resveratrol-loaded lipid-core-nanocapsules exerted an anticancer effect in HT29 cancer cells by remarkably inducing cell apoptosis (~36%) (Feng et al., 2017). Similarly, resveratrol-loaded nanocapsules reduced cell viability, tumor growth and volume, and prevented metastasis and pulmonary hemorrhage in murine melanoma cells (Carletto et al., 2016). Lipid-polymer hybrid nanoparticles co-delivered with docetaxel and resveratrol significantly inhibited tumor proliferation (Song et al., 2018). In other studies, the cytotoxic role of encapsulated resveratrol in solid-lipid layer against the proliferation of breast cancer cell line MDA-MB-231 was also addressed, reporting a decrease in cell viability, the promotion of apoptosis, and the cell cycle arrest at G0/G1 (Medina-Aguilar et al., 2016). A study performed by other authors revealed that the encapsulation of resveratrol in an SLN dose-dependent manner suppressed cell proliferation, induced cell death, and allowed the cell cycle arrest at G0/G1 (Yip and Reed, 2008; Wang et al., 2016). In MDA-MB-231 cells, this encapsulation also enhanced the cell cycle arrest and downregulated the cyclin D1 expression in cancer cells (Jiang et al., 2017).

Taken together and despite the promising results in preclinical studies, the replication of the potential of resveratrol in clinical studies has been hampered because of its instability, short half-life, poor solubility, and low bioavailability. Indeed, when taken orally, resveratrol is rapidly metabolized to form glucuronides and sulfates and excreted, thus failing in human clinical trials (Sanna et al., 2013b; Siddiqui et al., 2015; Shindikar et al., 2016). In this sense, to overcome these physicochemical and pharmacokinetic limitations in a clinic, several attempts have been done to develop nanotechnology-based approaches to achieve adequate bioavailability and enhance efficacy at a tolerable dose (Table 1).


Table 1. Nanoformulations of resveratrol for cancer therapy.
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APPLICATION OF RESVERATROL IN NANOMEDICINE: PRECLINICAL AND CLINICAL EVIDENCE


Resveratrol-Loaded Nanoparticles

Several studies have shown that nanoparticle-mediated delivery can be a useful approach in improving the bioavailability of resveratrol. For example, Guo et al. (2010) in the treatment of an implanted ovarian tumor xenograft mouse with saline, free RVs, and resveratrol-loaded bovine serum albumin (BSA) nanoparticles (i.p.; 50, 100, and 200 mg/kg body weight) once a week for 4 weeks found that nano-resveratrol increased resveratrol concentrations in the ovary by 1.8-fold and retarded ovarian cancer growth dose-dependently when compared to free resveratrol. The inhibition rates of tumor growth by free and nanoresveratrol at 200 mg/kg body weight were 46% and 62%, respectively, without causing weight loss (Guo et al., 2010). In addition, the incorporation of resveratrol in SLN led to a reduction in cell proliferation, which has been shown to be beneficial in preventing skin cancer. The resveratrol-SLN (size < 180 nm) also showed an increased solubility, stability, and intracellular delivery (Teskač and Kristl, 2010).

In 2012, Sanna et al. have developed cationic chitosan- (CS-) and anionic alginate- (Alg-) coated poly(d,l-lactide-co-glycolide) nanoparticles loaded with resveratrol. The nanoparticles, spherical in shape and of size ranging from 135 to 580 nm, were efficient at delivering resveratrol through a controlled release. The findings also showed that the encapsulation of resveratrol provided significant protection against light-exposure degradation, warranting its potential for cancer therapy. The same team of researchers have also attempted to evaluate the effect of polymeric nanoparticles encapsulating resveratrol (nanoresveratrol) on human PC cells. As main findings, the authors stated that at different concentrations (10–40 μM), nanoresveratrol led to a significantly elevated cytotoxicity in PC, DU-145, and LNCaP cell lines compared to free resveratrol. The results proved that nano-resveratrol is consistently sensitive toward both the hormone-sensitive LNCaP cells and androgen-independent DU-145 PC cell lines (Sanna et al., 2013b). Another study showed that polymeric nanoparticles encapsulating resveratrol-induced apoptosis in LNCaP cells mediated by the cell cycle arrest at the G1/S phase, phosphatidylserine externalization, DNA nicking, loss of mitochondrial membrane potential, and ROS generation. Nanoresveratrol also exerted a markedly higher cytotoxicity in LNCaP cells as compared to free resveratrol at all tested concentrations (Nassir et al., 2018). In another study, Karthikeyan et al. (2013) reported that resveratrol-loaded gelatin nanoparticles enhanced the activity on NCI-H160 cells (LC cells) by reducing cell variability and mitochondrial membrane potential and elevating cytotoxicity, intracellular ROS levels, and DNA damage. HPLC analysis showed that resveratrol-gelatin nanoparticles have a greater bioavailability and half-life than free resveratrol (Karthikeyan et al., 2013). Jung et al. (2015) have investigated the in vitro and in vivo anticancer effects of newly developed resveratrol-loaded polyethylene glycol–polylactic acid (PEG–PLA; MW 5000-5000) polymer nanoparticles. As main findings, the treatment of CT26 colon cancer with 40 and 20 μM of nanoresveratrol for 72 h significantly reduced the cell number to 5.6% and the colony forming capacity to 6.3% while increasing apoptotic cell death and 18F-FDG uptake, along with the reduction in ROS levels. In addition, when CT26 tumor-bearing mice received intravenously nanoresveratrol at a dose of 100 mg/kg two times per week for 3 weeks, a reduction in tumor growth was stated as compared to the control group (Jung et al., 2015). Additionally, Wang et al. (2017) suggested that resveratrol-loaded SLNs (resveratrol-SLNs) were more capable at hindering the human breast cancer cell proliferation and inducing cell death in comparison with free resveratrol. The resveratrol-SLNs have shown a notable inhibitory potential in cell invasion, suggesting that resveratrol-SLN may be a promising therapeutic agent for breast cancer treatment (Wang et al., 2017).



Resveratrol-Loaded Liposomes

Liposomes-based nanoformulations were the first to enter clinical trials, despite in recent years, several investigations have focused on the feasibility and efficacy of resveratrol-loaded liposomes in targeting cancer cells. For example, Wang et al. (2011) evaluated the effectiveness of mitochondrial targeting resveratrol modified with a dequalinium PEG-distearoylphosphatidyl ethanolamine conjugate to overcome multidrug resistance. The resveratrol-loaded liposomes were able to induce apoptosis in both non-resistant and resistant cancer cells by decreasing mitochondrial depolarization, releasing cytochrome c, and raising the caspase-9 and−3 activities. In addition, a notable anticancer effect was shown by resveratrol-loaded liposomes in xenografted resistant A549/cDDP cancers in nude mice and tumor spheroids by deep penetration into the core (Wang et al., 2011). Some years later, Meng et al. (2016) used the synthesized liposomes coloaded with resveratrol and paclitaxel for drug resistance reversal in breast cancer cells. The average size of the liposome was 50 nm, with the encapsulated efficiencies of more than 50%. As main findings, the authors stated that liposomes showed a pronounced cytotoxicity against the drug-resistant MCF-7/ADR tumor cells and an improvement in bioavailability and tumor retention of the liposome in mice with a drug-resistant tumor (Meng et al., 2016).

In an independent study, resveratrol was coloaded with 5-FU in a single PEGylated liposome to test their synergistic effects on an NT8e head and neck squamous carcinoma cell line. It was observed that the co-encapsulation with 5-FU greatly reduced the amount of resveratrol required to attain 50% cell death (5.2 vs. 31 mM) (Mohan et al., 2014). Similarly, other researchers have addressed the effects of quercetin and resveratrol co-encapsulated in liposomes against inflammatory/oxidative responses associated with skin cancer. Liposomes potentiated the anti-ROS activity in fibroblasts and improved tissue damage, with a significant reduction of oedema and leukocyte infiltration in a mouse model of skin lesion (Caddeo et al., 2016).

Transferrin (Tf) is a serum glycoprotein that takes part in the transfer of iron into growing cells by binding with a Tf receptor (TfR). Cancer cells have a relatively higher expression of TfRs to meet this elevated requirement for iron. Thus, the ability of TfR to internalize via clathrinid-mediated endocytosis, coupled with its high levels of expression in cancer cells make it ideal for targeting selective drug delivery to malignant cells (Daniels et al., 2006; Engelberg et al., 2018). Tf-targeted resveratrol-loaded liposomes (Tf-resveratrol-L) increased cytotoxicity and induced higher levels of apoptosis accompanied by a boost in caspases 3/7 activity in glioblastoma (GBM) cells when compared to free resveratrol or resveratrol-PEGylated liposomes. In addition, Tf-resveratrol-L also revealed to be more effective in inhibiting tumor growth and in improving the survival in an xenograft mouse model of GBM (Jhaveri et al., 2018).



Cyclodextrins

Some researchers have also addressed the effect of cyclodextrins loaded with resveratrol. For example, Berta et al. (2010) investigated the effect of resveratrol complexed with two 2-hydroxypropyl-β-cyclodextrin formulations (cream and mouthwash) on 7,12-dimethylbenz[a]anthracene-induced hamster oral squamous cell carcinoma (OSCC) cell line (HCPC I) and in an animal model. Formulations led to an augmentation in the anti-proliferative activity in a dose and time-dependent manner. In experimental models, the formulations have prevented oral pre-neoplastic lesions and OSCC appearance and growth and showed improved efficacy (Berta et al., 2010). In another investigation, a resveratrol sulfobutyl ether-ß-cyclodextrin complex prepared in a 1:1 ratio by freeze drying to assess its influence on drug aqueous solubility and anticancer efficacy against breast cancer cell line (MCF-7 cells) and led to a strong improvement in the aqueous solubility of resveratrol, from 0.03 to 1.1 mg/ml at 25°C and improved anticancer potential while the cyclodextrin molecule without resveratrol had no effect on cell viability (Venuti et al., 2014). In another study, Lu et al. (2012), evaluated the cytotoxicity of resveratrol/β-cyclodextrin (β-CD) and resveratrol/β-CD/2-hydroxypropyl-β-cyclodextrin complexes in cancer (HeLa and Hep3B) and healthy (human umbilical vein endothelial cells [HUVEC]) cell lines. As main findings, it was observed that the complexes exerted a high cytotoxicity in both cancer cell lines, especially for Hep3B, and showed no detrimental effects on normal cells.




RESVERATROL NANOENCAPSULATIONS: LOOKING AT STABILITY AND BIOAVAILABILITY

Plant-derived polyphenols have been increasingly reported as remarkable compounds for the treatment of neoplastic diseases. In particular, the use of resveratrol has received much attention for its potential beneficial effects in preventing the process of carcinogenesis (Delmas et al., 2006; Boocock et al., 2007; Jeandet et al., 2013). Resveratrol is a phytoalexin produced by different plant species, which, like many other low molecular weight antimicrobial compounds, is synthesized and accumulated by plants as a way to protect them from invaders (Ingham, 1976). Through its marked antioxidant effects, resveratrol counteracts cardiovascular and neoplastic pathologies. Among the cell targets of resveratrol, many transmembrane proteins were identified, e.g., human lymphocyte Kv1.3 potassium channels (Teisseyre and Michalak, 2006) and ABC transporters, such as P-glycoprotein, multidrug resistance-associated protein 1 (Wesołowska et al., 2009).

The popular theory of the ability of resveratrol to increase lifespan has been investigated in some studies conducted in yeasts (Howitz et al., 2003), worms, and fruit flies, to whom notable effects were listed (Wood et al., 2004). Nevertheless, the doses of resveratrol used in these studies may incur imponderable side effects in humans (Brown et al., 2010; Poulsen et al., 2013). Furthermore, it would be impossible to consume sufficient amounts of resveratrol with food, given the modest content of the compound present in it. Indeed, the amount of resveratrol present in wine, one of the richest foods containing this compound, depends on the grapes used in the production process, as well as on the processing and fermentation processes: the highest values are around 3 mg/L for red wines, which means that taking 50 mg of resveratrol per day, one should drink over 15 L of red wine per day (Adrian et al., 2000). Moreover, extraction techniques also affect, in a marked extent, the total amount of resveratrol extracted, and due to their low content in plants, also there is a difficulty in developing effective extraction processes and inevitable environmental problems for the possible chemical synthesis; therefore, there is a need to optimize microorganism-based processes for the large-scale production of resveratrol (Jeandet et al., 2018; Thapa et al., 2019). In addition, the application of resveratrol is strongly hampered by its limited solubility, low stability, and degradability both in vitro and in vivo (Das et al., 2008). On the other hand, resveratrol has a high solubility in PEG 400 (over 370 g/L) and alcohol (almost 88 g/L), but it is poorly soluble in soybean oil (0.14 g/L) and practically insoluble in water (only 0.05 g/L) (Robinson K. et al., 2015). Moreover, the low bioavailability of resveratrol following oral administration narrows down its application in biomedicine (Amri et al., 2012). These issues make it essential to develop alternative ways of administering resveratrol to its intake with food.

In recent years, innovative nanotechnology-based approaches have been used to solve these problems in vivo. Therefore, nanoformulations and the transport of bioactive compounds have started to attract the attention of pharmaceutical, functional food, and nutraceutical industries. Several novel nanometric delivery systems for bioactive compounds, ranging from nanoemulsions to SLNs, nano-dispersions, and self-assembling lipidic and biopolymeric systems, have been explored (Davatgaran-Taghipour et al., 2017; Jampilek et al., 2019; Ashrafizadeh et al., 2020). On one hand, the treatment with resveratrol nanoformulations offers many advantages in terms of greater solubility, stability, and protection from oxidation and a greater bioavailability; on the other hand, this method of administration must deal with the problems typically encountered by the circulation of nanostructures in biological fluids. Among others, the size of nanoparticles, the chemical nature of their surface, and other chemical–physical traits can constitute an obstacle to circulation and distribution in the tissues and cells of body. In addition, the high surface area per volume unit of nanoparticles allows its surface to be functionalized with specific ligands, to obtain the targeted delivery of active ingredients to specific cells. Furthermore, nanoparticles can be coated with hydrophilic polymeric materials capable of not stimulating the immune system during their transportation through the bloodstream, thus increasing their half-life in vivo.

Since the first demonstrations of the beneficial properties of resveratrol have been established, considerable efforts have been made to study and increase its stability in vitro and in vivo due to the possibility of dependency of a greater bioavailability of this compound. Indeed, resveratrol has a reasonable stability in acidic medium (up to pH 6), whereas its degradation starts at neutrality and continues quickly at pH around 8–9 (Robinson K. et al., 2015). In addition, the trans form can undergo isomerization to the cis form when heated or exposed to UV radiation, but such isomerization seems to be negligible in vivo as only trace amounts of cis-resveratrol can be detected when orally administered to rats and mice (Yu et al., 2002). As explained, resveratrol nanoencapsulation can improve the stability of this polyphenol, providing an effective barrier against environmental factors that can cause chemical degradation. For example, when the stability of resveratrol was measured by the conversion rate of trans-resveratrol to its cis-resveratrol isomer, the stability of resveratrol-loaded nanoparticles prepared using chitosan and γ-poly(glutamic acid) was increased by around 28% in comparison with non-encapsulated resveratrol (Chung et al., 2020). Excellent stability was also achieved with the oligonucleotide anti-miR21 and resveratrol-loaded mesoporous silica nanoparticles conjugated with hyaluronic acid for the treatment of gastric carcinoma in vitro (Hu et al., 2019). This high stability can be attributed to the hydrophilic hyaluronic acid coating on the surface of the mesoporous silica nanoparticle loaded with resveratrol.

One of the aspects of a paramount importance in the preparation of nanoencapsulated products concerns the total biodegradability of the matrix used to carry the active principle. From this point of view, polymers built from intermediates in a metabolic pathway offer clear advantages. Indeed, poly (lactic-co-glycolic acid) (PLGA) is a complex that is applied in many therapeutic devices approved by the USA-FDA thanks to its biodegradability and biocompatibility. Briefly, PLGA is synthesized by the copolymerization of two different cyclic monomers of lactic acid and glycolic acid; in the body, it undergoes hydrolysis to produce the original monomers which, under physiological conditions, are by-products of various metabolic pathways (Abdul Rahim et al., 2019). The most feasible reasons for the increased efficacy of these resveratrol nanoparticles are the selective endocytosis of PLGA nanoparticles and the enhanced resveratrol release. Thus, the functionalization of nanoencapsulated PLGA constitutes a promising strategy for the protection and effective delivery of anticancer agents. Resveratrol-loaded PLGA nanoparticles can increase their efficacy when conjugated with PEG (probably the best solvent for resveratrol). With these nanoformulations, the release of resveratrol did not appear to be affected by physiological changes in the pH of the medium in vitro. In addition, the release of resveratrol was slower compared to free resveratrol (Sanna et al., 2013b).

On the other hand, an enhanced systemic circulation time and a short biological half-life of resveratrol were achieved using poly(D,L-lactide-co-glycolide)–D-α-tocopheryl PEG 1000 succinate blend nanoparticles (resveratrol-PLGA-B nanoparticles). Pharmacokinetic studies have shown a prolonged systemic circulation of resveratrol-PLGA-B-nanoparticles up to 36 h, with ~18 times higher plasma half-life than the free resveratrol solution (Vijayakumar et al., 2016a).

An interesting method of the stabilization and delivery of resveratrol nanoparticles is plasma protein binding. As referred previously, HSA can interact with a large variety of drugs, mainly by binding to one or two major sites in HSA (Peters, 1995). This makes this protein an important regulator of the pharmacokinetic behavior of many drugs. The resveratrol-protein binding is mainly by H-bonding with polypeptide C=O, C-N, and NH groups (N' soukpoe-Kossi et al., 2006). Thus, HSA can be considered as a good carrier for the transport of resveratrol in vivo. In this regard, a study was conducted, in which paclitaxel (a powerful chemotherapy) was co-loaded with resveratrol and coated with BSA. Although HSA and BSA are the two proteins with different characteristics, they have some analogies in binding certain molecules (Gelamo et al., 2002). Taken together, the ability of both for the binding of resveratrol makes them valuable tools to assist in protecting resveratrol from degradation, increasing bio-availability, and improving intracellular penetration and control delivery (Rezende et al., 2019; Tabibiazar et al., 2019).



TOXICITY OF NANOENCAPSULATED RESVERATROL


In vitro Studies

In vitro studies have been widely used for the initial screening of the potential toxicity of nanoparticle formulations encapsulating resveratrol (Table 2). Cytotoxicity assays have been widely reported, in which the safety of “blank,” that is, the nanoparticle formulation without resveratrol, is investigated. It has been found that the formulations generally cause an insignificant cytotoxicity to the relevant cancer cell lines, in addition to those using D-alpha-tocopheryl polyethylene glycol succinate (TPGS). For example, piperine-loaded mixed micelles made of Poloxamer 407 and TPGS (Zhao et al., 2019), TPGS-coated nanoparticles (Vijayakumar et al., 2016b), and PLGA-TPGS blend nanoparticles (Vijayakumar et al., 2016a) have been reported to elicit cytotoxicity, with the latter two in a dose-dependent manner. On the other hand, P127/TPGS mixed micelles proved to be safe, up to a relatively high dose (Hao et al., 2017). This is due to the fact that TPGS is cytotoxic in vitro and in vivo (Youk et al., 2005; Constantinou et al., 2012; Neophytou et al., 2014; Neophytou and Constantinou, 2015).


Table 2. Nanoencapsulated resveratrol formulations and their relevant in vitro and in vivo safety studies.

[image: Table 2]

Resveratrol has been shown to induce apoptosis in different cancer cell lines and also induce the cell cycle arrest at G1/S in breast cancer cell lines. Excess TPGS can also cause toxicity due to its surfactant properties that can induce cell damage or death by increasing cell membrane permeability (Hao et al., 2017). Nevertheless, some researchers have suggested that the additional cytotoxicity imparted by the presence of TPGS can be advantageous (Vijayakumar et al., 2016a,b) as the toxicity proved to be selective for cancer cells (Neophytou et al., 2014). These findings can be endorsed by in vivo studies presented here, which show negligible animal toxicity. Of note, the safety of the “blank” HSA nanoparticles conjugated with folate has not been reported (Lian et al., 2019). However, it is important to highlight that cytotoxic assays in these studies were primarily intended at investigating anticancer activities in relevant cancer cell lines in nanoparticle formulations incorporated with resveratrol. Nonetheless, some studies have successfully demonstrated the toxicity of selective cancer cells in their proposed nanoparticle formulations, studying relevant normal and cancer cells: peptide lipid CDO and sucrose laurate L126 liposomes in MCR-5 and MCR-7 cells (breast cancer) (Zhao et al., 2019); sericin nanoparticles in CRL-2522 and Caco-2 cells (colorectal cancer) (Suktham et al., 2018); and Tf-modified PEG-PLA nanoparticles in C6, U87, and rat astrocyte cells (glioma) (Jhaveri et al., 2018). Importantly, it was found that the cytotoxic selectivity of the peptide lipid CDO and sucrose laurate L126 has not been shown by free resveratrol, endorsing the superior safety of the nanoparticle formulation (Zhao et al., 2019). This approach to studying cytotoxicity should be encouraged for a better in vitro understanding of the targeted anticancer activities of nanoparticle formulations. In addition, a few studies also investigated the toxicity of their “blanks” using apoptosis assays and were generally considered safe at low levels (Xin et al., 2016; Jhaveri et al., 2018), though peptide lipid COD and sucrose laurate 126 liposomes (Jhaveri et al., 2018) demonstrated a slight increase in apoptotic activity with concentration. Confocal imaging was also used to investigate the safety of “blank” sericin nanoparticles, where the evidence of cell division and no acute toxic damage was found in CRL-2522 and Caco-2 cells (Suktham et al., 2018). Interestingly, the photostability of β-CD nanosponges encapsulating resveratrol and oxy-resveratrol was studied using the UV lamp method, and it was found that the nanoparticle forms showed 2-fold higher photostability than their native forms (Dhakar et al., 2019). The formulation of arginine-glycine-aspartate- (RGD-) functionalized HSA nanoparticles also showed high colloidal and UV stability (Geng et al., 2017). Indeed, the stability of the nanoparticle formulation can constitute a safety issue (Onoue et al., 2014), although, unfortunately, it has not been widely explored in the retrieved literature.

On the other hand, as most formulations of a nanoparticle must be injected, the hemocompatibility must also be a concerning safety factor. For example, the hemocompatibility of TPGS-coated (Vijayakumar et al., 2016b) and PLGA:TPGS blend (Vijayakumar et al., 2016a) nanoparticle formulations was investigated through hemolysis and platelet aggregation, and both were found within the safety limits. Moreover, a hemolysis assay was studied in HSA functionalized with RGD (Geng et al., 2017), whereas erythrocyte aggregation was studied in gelatin nanoparticles encapsulating resveratrol by glutaraldehyde (Karthikeyan et al., 2013); both formulations did not cause significant safety issues. However, in general, hemocompatibility is not as widely addressed as would be expected at the experimental (in vitro) level, although it is crucial, as most therapeutic nanoparticle formulations that encapsulate resveratrol are designed for the injection route. Notably, piperine-loaded mixed micelles composed of Poloxamer 407 and TPGS encapsulating resveratrol are the only formulations in the retrieved literature that should be administered orally (Jadhav et al., 2016). Also noteworthy, the in vitro release kinetics of the different nanoparticle formulations has been widely studied, mainly through dialysis techniques, which can be used to infer partly the safety of the formulations. This is due to the facts that the rapid release of free resveratrol has been shown to cause toxicities (Ansari et al., 2011). However, with the support of in vitro release kinetics, various formulations have demonstrated a biphasic in vitro release profile, i.e., a rapid and a slow and sustained release of resveratrol, or slower release, indirectly proving their better safety profiles (Shao et al., 2009; Vergaro et al., 2012; Karthikeyan et al., 2013; Jose et al., 2014; Vijayakumar et al., 2016a,b; Xin et al., 2016; Hao et al., 2017; Jhaveri et al., 2018; Latifi and Sohrabnezhad, 2018; Li et al., 2018; Suktham et al., 2018; Dhakar et al., 2019; Lian et al., 2019; Zhao et al., 2019).



In vivo Studies

The in vivo data of the proposed nanoparticle strategies generally support their safety (Table 2). Still, notably, although the information about the treatment dose is generally available, the frequency of which is omitted in several papers. This aspect can markedly impair the judgment of the readers about the safety of the proposed nanoparticle formulation. Most studies used healthy and/or tumor-bearing mice and/or rats in their investigations, which mostly entail weight monitoring (Xin et al., 2016; Geng et al., 2017; Li et al., 2018; Lian et al., 2019; Zhao et al., 2019) and histopathological analysis of relevant organs (Jadhav et al., 2016; Xin et al., 2016; Geng et al., 2017; Li et al., 2018; Zhao et al., 2019), where the results supported the safety of these nanoparticle formulations. In addition, on comparing nanoparticle and free resveratrol formulations in weight loss and histopathological studies, it was found that the peptide lipid CDO and sucrose laurate L126 liposomes formulation (Zhao et al., 2019) were safer. However, this useful comparison has not been considered in other studies. The researchers also took it a step further and explored a range of behavioral abnormalities and other potential toxicity-related changes, e.g., dehydration, anorexia, and locomotor impairment, and no significant findings were reported (Zhao et al., 2019). Appropriate blood testing has also been employed by several studies to address the potential nephrotoxicity (Zhao et al., 2019), hepatotoxicity (Li et al., 2018; Zhao et al., 2019), and hemotoxicity (Xin et al., 2016; Li et al., 2018) of their formulations. In this way, the immune organ index was used by one study, exploring the potential of HSA nanoparticles encapsulating folate-conjugated resveratrol in hepatocellular carcinoma, where no significant changes were found (Lian et al., 2019).

Additionally, in vivo pharmacokinetics and biodistribution studies can also provide useful insights into the safety of nanoparticle formulations. As discussed above, the slow release of resveratrol is advantageous to avoid adverse effects as already demonstrated in the formulation of mixed micelles P127/TPGS by MRT and AUC (Hao et al., 2017) and in the piperidine-loaded mixed micelles made of Poloxamer 407 and TPGS by Cmax (Jadhav et al., 2016). On the other hand, biodistribution studies have shown that the accumulation of formulations in organs can indirectly inform the possibilities of off-target side effects. For instance, P127/TPGS mixed micelles functionalized with folic acid have been shown to decrease the accumulation in the heart and kidneys than free resveratrol (Hao et al., 2017), thereby potentially decreasing the associated side effects of resveratrol. Furthermore, higher targeted and selective organ/tumor accumulation was also demonstrated in glyceryl behenate-based SLN (Jose et al., 2014), PLGA lipid nanoparticles conjugated with indocyanine green (ICG) and folic acid (Xin et al., 2016), TPGS-coated nanoparticles (Vijayakumar et al., 2016b), PLGA:TPGS blend nanoparticles (Vijayakumar et al., 2016a), and lipid microbubbles conjugated with ICG and folic acid (Li et al., 2018).




CONCLUSION

Resveratrol displays an anticancer activity at various stages of carcinogenesis. It has distinct mechanisms, contributing to the induction of autophagic cell death and apoptosis, and the inhibition of angiogenesis, metastasis and modification in cancer cell metabolism, thus affecting cancer in the momentous stages of carcinogenesis. Additionally, resveratrol exhibits chemoprotective effects in cancer therapy, lowering the risk of chemotherapy-associated side effects. However, the potential negative effects of resveratrol concerning the biphasic dose-response, cytotoxicity, and interaction with some drugs are also an issue.

Oral administration of resveratrol has proved to be inadequate. Therefore, an application of nano-delivery systems has been investigated in several studies. The review of the available literature indicates that nanotechnology-based approaches, including resveratrol-loaded nanoparticles and liposomes and resveratrol, incorporated in cyclodextrin nanoformulations have proved to be sufficient methods of administering resveratrol. In this respect, it has been demonstrated that resveratrol nanoformulations protect resveratrol from degradation caused by environmental factors, as well as enhancing the stability, solubility, bioavailability, and control delivery of resveratrol, ensuring its efficiency. Importantly, nano-delivery systems loaded with resveratrol exhibit a slow release of resveratrol at the injection site, which is considered a great advantage associated with a lower risk of adverse effects. Moreover, the selective cytotoxicity of resveratrol nanoformulations is limited to cancer cells, contributing nanotechnology-based approach the advantage over free resveratrol. More studies investigating safety, especially selective cytotoxicity, biocompatibility, dose, frequency of application, and stability of nanoformulations of interest, along with for different types of cancer are necessary.



AUTHOR CONTRIBUTIONS

CQ, ZM, EK, AT, AKi, GS, MFM, DL, AKo, JW, HS, GL-G, MDP-A, HC, AR, PZ, OS, MI, HE, US, and RK: conceptualization. CR, NC-M, AFAR, MK, AS, and JS-R: validation investigation—data curation writing—all authors; review and editing. All the authors read and approved the final manuscript.



ACKNOWLEDGMENTS

CR would like to acknowledge the UID/EQU/00511/2020 Project—Laboratory of Process Engineering, Environment, Biotechnology and Energy (LEPABE), financed by national funds through FCT/MCTES (PIDDAC). NC-M acknowledges the Portuguese Foundation for Science and Technology under the Horizon 2020 Program (PTDC/PSI-GER/28076/2017). Some of the components of the illustrations are taken from freepik and flaticon.



REFERENCES

 Abdul Rahim, R., Jayusman, P. A., Muhammad, N., Ahmad, F., Mokhtar, N., Naina Mohamed, I., et al. (2019). Recent advances in nanoencapsulation systems using PLGA of bioactive phenolics for protection against chronic diseases. Int. J. Environ. Res. Public Health 16:4692. doi: 10.3390/ijerph16244962

 Abstract, G., and Brief, I. (2015). Resource the molecular taxonomy of primary prostate cancer. Cell Press 163, 1011–1025. doi: 10.1016/j.cell.2015.10.025

 Ackova, D. G., Smilkov, K., and Bosnakovski, D. (2019). Contemporary formulations for drug delivery of anticancer bioactive compounds. Recent Patents Anti Canc. Drug Discov. 14, 19–31. doi: 10.2174/1574892814666190111104834

 Adrian, M., Jeandet, P., Breuil, A. C., Levite, D., Debord, S., and Bessis, R. (2000). Assay of resveratrol and derivative stilbenes in wines by direct injection high performance liquid chromatography. Am. J. Enol. Vitic. 51, 37–41.

 Aggarwal, B. B., Bhardwaj, A., and Aggarwal, R. S. (2004). Role of resveratrol in prevention and therapy of cancer : preclinical and clinical studies. Anticancer Res. 24, 2783–2840.

 Ahmadi, Z., Mohammadinejad, R., and Ashrafizadeh, M. (2019). Drug delivery systems for resveratrol, a non-flavonoid polyphenol: Emerging evidence in last decades. J. Drug Deliv. Sci. Technol. 51, 591–604. doi: 10.1016/j.jddst.2019.03.017

 Alayev, A., Berger, S. M., and Holz, M. K. (2015). Resveratrol as a novel treatment for diseases with mTOR pathway hyperactivation. Ann. N. Y. Acad. Sci. 1348, 116–123. doi: 10.1111/nyas.12829

 Aluyen, J. K., Ton, Q. N., Tran, T., Yang, A. E., Gottlieb, H. B., and Bellanger, R. A. (2012). Resveratrol: Potential as anticancer agent. J. Diet. Suppl. 9, 45–56. doi: 10.3109/19390211.2011.650842

 Amri, A., Chaumeil, J. C., Sfar, S., and Charrueau, C. (2012). Administration of resveratrol: what formulation solutions to bioavailability limitations? J. Control. Release 158, 182–193. doi: 10.1016/j.jconrel.2011.09.083

 Ansari, K. A., Vavia, P. R., Trotta, F., and Cavalli, R. (2011). Cyclodextrin-based nanosponges for delivery of resveratrol: in vitro characterisation, stability, cytotoxicity and permeation study. AAPS PharmSciTech 12, 279–286. doi: 10.1208/s12249-011-9584-3

 Anwar, D. M., Khattab, S. N., Helmy, M. W., Kamal, M. K., Bekhit, A. A., Elkhodairy, K. A., et al. (2018). Lactobionic/folate dual-targeted amphiphilic maltodextrin-based micelles for targeted codelivery of sulfasalazine and resveratrol to hepatocellular carcinoma. Bioconjug. Chem. 29, 3026–3041. doi: 10.1021/acs.bioconjchem.8b00428

 Ashrafizadeh, M., Javanmardi, S., Moradi-Ozarlou, M., Mohammadinejad, R., Farkhondeh, T., Samarghandian, S., et al. (2020). Natural products and phytochemical nanoformulations targeting mitochondria in oncotherapy: an updated review on resveratrol. Biosci. Rep. 40:BSR20200257. doi: 10.1042/BSR20200257

 Bedada, S. K., Yellu, N. R., and Neerati, P. (2016). Effect of resveratrol on the pharmacokinetics of fexofenadine in rats: involvement of P-glycoprotein inhibition. Pharmacol. Rep. 68, 338–343. doi: 10.1016/j.pharep.2015.08.018

 Berta, G. N., Salamone, P., Sprio, A. E., Di Scipio, F., Marinos, L. M., Sapino, S., et al. (2010). Chemoprevention of 7,12-dimethylbenz[a]anthracene (DMBA)-induced oral carcinogenesis in hamster cheek pouch by topical application of resveratrol complexed with 2-hydroxypropyl-β-cyclodextrin. Oral Oncol. 46, 42–48. doi: 10.1016/j.oraloncology.2009.10.007

 Bhat, K. P. L., Kosmeder, J. W., and Pezzuto, J. M. (2001a). Biological effects of resveratrol. Antioxid. Redox Signal. 3, 1041–1064. doi: 10.1089/152308601317203567

 Bhat, K. P. L., Lantvit, D., Christov, K., Mehta, R. G., Moon, R. C., and Pezzuto, J. M. (2001b). Estrogenic and antiestrogenic properties of resveratrol in mammary tumor models. Canc. Res. 61, 7456–7463.

 Bo, S., Ciccone, G., Castiglione, A., Gambino, R., De Michieli, F., Villois, P., et al. (2013). Anti-inflammatory and antioxidant effects of resveratrol in healthy smokers a randomized, double-blind, placebo-controlled, cross-over trial. Curr. Med. Chem. 20, 1323–1331. doi: 10.2174/0929867311320100009

 Boocock, D. J., Faust, G. E. S., Patel, K. R., Schinas, A. M., Brown, V. A., Ducharme, M. P., et al. (2007). Phase I dose escalation pharmacokinetic study in healthy volunteers of resveratrol, a potential cancer chemopreventive agent. Cancer Epidemiol. Biomarkers Prev. 16, 1246–1252. doi: 10.1158/1055-9965.EPI-07-0022

 Bower, J. E., and Lamkin, D. M. (2013). Inflammation and cancer-related fatigue: mechanisms, contributing factors, and treatment implications. Brain Behav. Immun. 30, S48–S57. doi: 10.1016/j.bbi.2012.06.011

 Brown, V. A., Patel, K. R., Viskaduraki, M., Crowell, J. A., Perloff, M., Booth, T. D., et al. (2010). Repeat dose study of the cancer chemopreventive agent resveratrol in healthy volunteers: Safety, pharmacokinetics, and effect on the insulin-like growth factor axis. Cancer Res. 70, 9003–9011. doi: 10.1158/0008-5472.CAN-10-2364

 Caddeo, C., Nacher, A., Vassallo, A., Armentano, M. F., Pons, R., Fernàndez-Busquets, X., et al. (2016). Effect of quercetin and resveratrol co-incorporated in liposomes against inflammatory/oxidative response associated with skin cancer. Int. J. Pharm. 513, 153–163. doi: 10.1016/j.ijpharm.2016.09.014

 Calabrese, E. J., and Baldwin, L. A. (2002). Defining hormesis. Hum. Exp. Toxicol. 21, 91–97. doi: 10.1191/0960327102ht217oa

 Calabrese, E. J., Mattson, M. P., and Calabrese, V. (2010). Resveratrol commonly displays hormesis: occurrence and biomedical significance. Hum. Exp. Toxicol. 29, 980–1015. doi: 10.1177/0960327110383625

 Cao, Y., Fu, Z., Di, W. F., Liu, H. Y., and Han, R. (2005). Anti-angiogenic activity of resveratrol, a natural compound from medicinal plants. J. Asian Nat. Prod. Res. 7, 205–213. doi: 10.1080/10286020410001690190

 Carletto, B., Berton, J., Ferreira, T. N., Dalmolin, L. F., Paludo, K. S., Mainardes, R. M., et al. (2016). Resveratrol-loaded nanocapsules inhibit murine melanoma tumor growth. Colloids Surf. B. Biointerfaces 144, 65–72. doi: 10.1016/j.colsurfb.2016.04.001

 Carrizzo, A., Forte, M., Damato, A., Trimarco, V., Salzano, F., Bartolo, M., et al. (2013). Antioxidant effects of resveratrol in cardiovascular, cerebral and metabolic diseases. Food Chem. Toxicol. 61, 215–226. doi: 10.1016/j.fct.2013.07.021

 Chai, R., Chen, Y., Yuan, H., Wang, X., Guo, S., Qi, J., et al. (2017). Identification of resveratrol, an herbal compound, as an activator of the calcium-activated chloride channel, TMEM16A. J. Membr. Biol. 250, 483–492. doi: 10.1007/s00232-017-9975-9

 Chang, C. H., Lee, C. Y., Lu, C. C., Tsai, F. J., Hsu, Y. M., Tsao, J. W., et al. (2017). Resveratrol-induced autophagy and apoptosis in cisplatin-resistant human oral cancer CAR cells: a key role of AMPK and Akt/mTOR signaling. Int. J. Oncol. 50, 873–882. doi: 10.3892/ijo.2017.3866

 Chaudhary, Z., Subramaniam, S., Khan, G. M., Abeer, M. M., Qu, Z., Janjua, T., et al. (2019). Encapsulation and controlled release of resveratrol within functionalized mesoporous silica nanoparticles for prostate cancer therapy. Front. Bioeng. Biotechnol. 7:225. doi: 10.3389/fbioe.2019.00225

 Chong, J., Poutaraud, A., and Hugueney, P. (2009). Metabolism and roles of stilbenes in plants. Plant Sci. 177, 143–155. doi: 10.1016/j.plantsci.2009.05.012

 Chung, J. H., Lee, J.-S., and Lee, H. G. (2020). Resveratrol-loaded chitosan–γ-poly(glutamic acid) nanoparticles: optimization, solubility, UV stability, and cellular antioxidant activity. Colloids Surf. B. Biointerfaces 186:110702. doi: 10.1016/j.colsurfb.2019.110702

 Constantinou, C., Neophytou, C. M., Vraka, P., Hyatt, J. A., Papas, K. A., and Constantinou, A. I. (2012). Induction of DNA damage and caspase-independent programmed cell death by vitamin e. Nutr. Canc. 64, 136–152. doi: 10.1080/01635581.2012.630167

 Cosco, D., Paolino, D., Maiuolo, J., Marzio, L., Di, C., arafa, M., Ventura, C. A., et al. (2015). Ultradeformable liposomes as multidrug carrier of resveratrol and 5-fluorouracil for their topical delivery. Int. J. Pharm. 489, 1–10. doi: 10.1016/j.ijpharm.2015.04.056

 Daniels, T. R., Delgado, T., Rodriguez, J. A., Helguera, G., and Penichet, M. L. (2006). The transferrin receptor part I: biology and targeting with cytotoxic antibodies for the treatment of cancer. Clin. Immunol. 121, 144–158. doi: 10.1016/j.clim.2006.06.010

 Das, S., Lin, H.-S., Ho, P. C., and Ng, K.-Y. (2008). The impact of aqueous solubility and dose on the pharmacokinetic profiles of resveratrol. Pharm. Res. 25, 2593–2600. doi: 10.1007/s11095-008-9677-1

 Davatgaran-Taghipour, Y., Masoomzadeh, S., Farzaei, M. H., Bahramsoltani, R., Karimi-Soureh, Z., Rahimi, R., et al. (2017). Polyphenol nanoformulations for cancer therapy: experimental evidence and clinical perspective. Int. J. Nanomed. 12, 2689–2702. doi: 10.2147/IJN.S131973

 de Oliveira, M. T. P., Coutinho, D., de, S., de Souza, É. T., Guterres, S. S., Pohlmann, A. R., et al. (2019). Orally delivered resveratrol-loaded lipid-core nanocapsules ameliorate LPS-induced acute lung injury via the ERK and PI3K/Akt pathways. Int. J. Nanomed. 14, 5215–5228. doi: 10.2147/IJN.S200666

 Delmas, D., Lancon, A., Colin, D., Jannin, B., and Latruffe, N. (2006). Resveratrol as a chemopreventive agent: a promising molecule for fighting cancer. Curr. Drug Targets 7, 423–442. doi: 10.2174/138945006776359331

 Deng, R., Xu, C., Chen, X., Chen, P., Wang, Y., Zhou, X., et al. (2014). Resveratrol suppresses the inducible expression of CYP3A4 through the pregnane X receptor. J. Pharmacol. Sci. 126, 146–154. doi: 10.1254/jphs.14132FP

 Dhakar, N. K., Matencio, A., Caldera, F., Argenziano, M., Cavalli, R., Dianzani, C., et al. (2019). Comparative evaluation of solubility, cytotoxicity and photostability studies of resveratrol and oxyresveratrol loaded nanosponges. Pharmaceutics 11:545. doi: 10.3390/pharmaceutics11100545

 Dhar, S., Kumar, A., Rimando, A. M., Zhang, X., and Levenson, A. S. (2015). Resveratrol and pterostilbene epigenetically restore PTEN expression by targeting oncomiRs of the miR-17 family in prostate cancer. Oncotarget 6, 27214–27226. doi: 10.18632/oncotarget.4877

 Dong, Z. (2003). Molecular mechanism of the chemopreventive effect of resveratrol. Mutat. Res. 523–524, 145–150. doi: 10.1016/S0027-5107(02)00330-5

 Duarte, A., Martinho, A., Luís, Â., Figueiras, A., Oleastro, M., Domingues, F. C., et al. (2015). Resveratrol encapsulation with methyl-β-cyclodextrin for antibacterial and antioxidant delivery applications. LWT Food Sci. Technol. Res. 63, 1254–1260. doi: 10.1016/j.lwt.2015.04.004

 El-Far, S. W., Helmy, M. W., Khattab, S. N., Bekhit, A. A., Hussein, A. A., and Elzoghby, A. O. (2018). Phytosomal bilayer-enveloped casein micelles for codelivery of monascus yellow pigments and resveratrol to breast cancer. Nanomedicine 13, 481–499. doi: 10.2217/nnm-2017-0301

 Elshaer, M., Chen, Y., and Wang, X. J. T. X. (2018). Resveratrol an overview of its anticancer mechanisms. Life Sci. 207, 340–349. doi: 10.1016/j.lfs.2018.06.028

 Engelberg, S., Modrejewski, J., Walter, J. G., Livney, Y. D., and Assaraf, Y. G. (2018). Cancer cell-selective, clathrin-mediated endocytosis of aptamerdecorated nanoparticles. Oncotarget 9, 20993–21006. doi: 10.18632/oncotarget.24772

 Feng, M., Zhong, L.-X., Zhan, Z.-Y., Huang, Z.-H., and Xiong, J.-P. (2017). Enhanced Antitumor efficacy of resveratrol-loaded nanocapsules in colon cancer cells: physicochemical and biological characterization. Eur. Rev. Med. Pharmacol. Sci. 21, 375–382.

 Gehm, B. D., McAndrews, J. M., Chien, P.-Y., and Jameson, J. L. (1997). Resveratrol, a polyphenolic compound found in grapes and wine, is an agonist for the estrogen receptor. Proc. Natl. Acad. Scii. 94, 14138–14143. doi: 10.1073/pnas.94.25.14138

 Gelamo, E. L., Silva, C. H. T. P., Imasato, H., and Tabak, M. (2002). Interaction of bovine (BSA) and human (HSA) serum albumins with ionic surfactants: spectroscopy and modelling. Biochim. Biophys. Acta 1594, 84–99. doi: 10.1016/S0167-4838(01)00287-4

 Geng, T., Zhao, X., Ma, M., Zhu, G., and Yin, L. (2017). Resveratrol-loaded albumin nanoparticles with prolonged blood circulation and improved biocompatibility for highly effective targeted pancreatic tumor therapy. Nanoscale Res. Lett. 12:437. doi: 10.1186/s11671-017-2206-6

 Glick, D., Barth, S., and Macleod, K. F. (2010). Autophagy: cellular and molecular mechanisms. J. Pathol. 221, 3–12. doi: 10.1002/path.2697

 Gu, F., Langer, R., and Farokhzad, O. C. (2009). Formulation/preparation of functionalized nanoparticles for in vivo targeted drug delivery. Methods Mol. Biol. (Clifton, N.J.) 544, 589–598. doi: 10.1007/978-1-59745-483-4_37

 Guan, H., Singh, N. P., Singh, U. P., Nagarkatti, P. S., and Nagarkatti, M. (2012). Resveratrol prevents endothelial cells injury in high- dose interleukin-2 therapy against melanoma. PLoS ONE 7:e35650. doi: 10.1371/journal.pone.0035650

 Guarino, M. (2007). Epithelial-mesenchymal transition and tumour invasion. Int. J. Biochem. Cell Biol. 39, 2153–2160. doi: 10.1016/j.biocel.2007.07.011

 Guha, P., Dey, A., Chatterjee, A., Chattopadhyay, S., and Bandyopadhyay, S. K. (2010). Pro-ulcer effects of resveratrol in mice with indomethacin-induced gastric ulcers are reversed by l-arginine. Br. J. Pharmacol. 159, 726–734. doi: 10.1111/j.1476-5381.2009.00572.x

 Guo, L., Peng, Y., Yao, J., Sui, L., Gu, A., and Wang, J. (2010). Anticancer activity and molecular mechanism of resveratrol-bovine serum albumin nanoparticles on subcutaneously implanted human primary ovarian carcinoma cells in nude mice. Canc. Biother. Radiopharm. 25, 471–477. doi: 10.1089/cbr.2009.0724

 Guo, W., Li, A., Jia, Z., Yuan, Y., Dai, H., and Li, H. (2013). Transferrin modified PEG-PLA-resveratrol conjugates: in vitro and in vivo studies for glioma. Eur. J. Pharm. 718, 41–47. doi: 10.1016/j.ejphar.2013.09.034

 Hao, J., Tong, T., Jin, K., Zhuang, Q., Han, T., Bi, Y., et al. (2017). Folic acid-functionalized drug delivery platform of resveratrol based on pluronic 127/D-α-tocopheryl polyethylene glycol 1000 succinate mixed micelles. Int. J. Nanomed. 12, 2279–2292. doi: 10.2147/IJN.S130094

 Howitz, K. T., Bitterman, K. J., Cohen, H. Y., Lamming, D. W., Lavu, S., Wood, J. G., et al. (2003). Small molecule activators of sirtuins extend Saccharomyces cerevisiae lifespan. Nature 425, 191–196. doi: 10.1038/nature01960

 Hu, Y., Wang, Z., Qiu, Y., Liu, Y., Ding, M., and Zhang, Y. (2019). Anti-miRNA21 and resveratrol-loaded polysaccharide-based mesoporous silica nanoparticle for synergistic activity in gastric carcinoma. J. Drug Target. 27, 1135–1143. doi: 10.1080/1061186X.2019.1610766

 Huang, X., Dai, Y., Cai, J., Zhong, N., Xiao, H., McClements, D. J., et al. (2017). Resveratrol encapsulation in core-shell biopolymer nanoparticles: Impact on antioxidant and anticancer activities. Food Hydrocolloids 64, 157–165. doi: 10.1016/j.foodhyd.2016.10.029

 Ingham, J. L. (1976). 3,5,4′-trihydroxystilbene as a phytoalexin from groundnuts (Arachis hypogaea). Phytochemistry 15, 1791–1793. doi: 10.1016/S0031-9422(00)97494-6

 Jadhav, P., Bothiraja, C., and Pawar, A. (2016). Resveratrol-piperine loaded mixed micelles: formulation, characterization, bioavailability, safety and in vitro anticancer activity. RSC Adv. 6, 112795–112805. doi: 10.1039/C6RA24595A

 Jampilek, J., Kos, J., and Kralova, K. (2019). Potential of nanomaterial applications in dietary supplements and foods for special medical purposes. Nanomaterials 9:296. doi: 10.3390/nano9020296

 Jasiński, M., Jasińska, L., and Ogrodowczyk, M. (2013). Resveratrol in prostate diseases - a short review. Cent. Eur. J. Urol. 66, 144–149. doi: 10.5173/ceju.2013.02.art8

 Jeandet, P., Clément, C., Courot, E., and Cordelier, S. (2013). Modulation of phytoalexin biosynthesis in engineered plants for disease resistance. Int. J. Mol. Sci. 14, 14136–14170. doi: 10.3390/ijms140714136

 Jeandet, P., Delaunois, B., Conreux, A., Donnez, D., Nuzzo, V., Cordelier, S., et al. (2010). Biosynthesis, metabolism, molecular engineering, and biological functions of stilbene phytoalexins in plants. BioFactors 36, 331–341. doi: 10.1002/biof.108

 Jeandet, P., Sobarzo-Sánchez, E., Clément, C., Nabavi, S. F., Habtemariam, S., Nabavi, S. M., et al. (2018). Engineering stilbene metabolic pathways in microbial cells. Biotechnol. Adv. 36, 2264–2283. doi: 10.1016/j.biotechadv.2018.11.002

 Jeandet, P., Vannozzi, A., Sobarzo-Sánchez, E., Uddin, M. S., Bru, R., Martínez-Márquez, A., et al. (2021). Phytostilbenes as agrochemicals: biosynthesis, bioactivity, metabolic engineering and biotechnology. Nat. Prod. Rep. 38, 1282–1329. doi: 10.1039/D0NP00030B

 Jhaveri, A., Deshpande, P., Pattni, B., and Torchilin, V. (2018). Transferrin-targeted, resveratrol-loaded liposomes for the treatment of glioblastoma. J. Control. Release 277, 89–101. doi: 10.1016/j.jconrel.2018.03.006

 Jiang, L., Wang, W., He, Q., Wu, Y., Lu, Z., Sun, J., et al. (2017). Oleic acid induces apoptosis and autophagy in the treatment of Tongue Squamous cell carcinomas. Sci. Rep. 7:11277. doi: 10.1038/s41598-017-11842-5

 Jodynis-Liebert, J., and Kujawska, M. (2020). Biphasic dose-response induced by phytochemicals: experimental evidence. J. Clin. Med. 9:718. doi: 10.3390/jcm9030718

 Joniau, S., Briganti, A., Gontero, P., Gandaglia, G., Tosco, L., Fieuws, S., et al. (2014). Stratification of high-risk prostate cancer into prognostic categories: a European multi-institutional study. Eur. Urol. 67, 1–8. doi: 10.1016/j.eururo.2014.01.020

 Jose, S., Anju, S. S., Cinu, T. A., Aleykutty, N. A., Thomas, S., and Souto, E. B. (2014). In vivo pharmacokinetics and biodistribution of resveratrol-loaded solid lipid nanoparticles for brain delivery. Int. J. Pharm. 474, 6–13. doi: 10.1016/j.ijpharm.2014.08.003

 Jung, K. H., Lee, J. H., Park, J. W., Quach, C. H. T., Moon, S. H., Cho, Y. S., et al. (2015). Resveratrol-loaded polymeric nanoparticles suppress glucose metabolism and tumor growth in vitro and in vivo. Int. J. Pharm. 478, 251–257. doi: 10.1016/j.ijpharm.2014.11.049

 Kai, L., Samuel, S. K., and Levenson, A. S. (2010). Resveratrol enhances p53 acetylation and apoptosis in prostate cancer by inhibiting MTA1/NuRD complex. Int. J. Canc. 126, 1538–1548. doi: 10.1002/ijc.24928

 Kamal, R., Chadha, V. D., and Dhawan, D. K. (2018). Physiological uptake and retention of radiolabeled resveratrol loaded gold nanoparticles (99mTc-Res-AuNP) in colon cancer tissue. Nanomedicine 14, 1059–1071. doi: 10.1016/j.nano.2018.01.008

 Karakaya, S., Koca, M., Yilmaz, S. V., Yildirim, K., Pinar, N. M., Demirci, B., et al. (2019). Molecular docking studies of coumarins isolated from extracts and essential oils of zosima absinthifolia link as potential inhibitors for Alzheimer's disease. Molecules 24:722. doi: 10.3390/molecules24040722

 Karthikeyan, S., Prasad, R. R., Ganamani, A., and Balamurugan, E. (2013). Anticancer activity of resveratrol-loaded gelatin nanoparticles on NCI-H460 non-small cell lung cancer cells. Biomed. Prev. Nutr. 3, 64–73. doi: 10.1016/j.bionut.2012.10.009

 Klonowska-Szymczyk, A., Kulczycka-Siennicka, L., Robak, T., Smolewski, P., Cebula-Obrzut, B., and Robak, E. (2017). The impact of agonists and antagonists of TLR3 and TLR9 on concentrations of IL-6, IL10 and sIL-2R in culture supernatants of peripheral blood mononuclear cells derived from patients with systemic lupus erythematosus. Postepy Hig. Med. Dosw. 71, 867–875. doi: 10.5604/01.3001.0010.5266

 Kumar, B., Iqbal, M. A., Singh, R. K., and Bamezai, R. N. K. (2015). Resveratrol inhibits TIGAR to promote ROS induced apoptosis and autophagy. Biochimie 118, 26–35. doi: 10.1016/j.biochi.2015.07.016

 Kumar, V., Pandey, A., Jahan, S., Shukla, R. K., Kumar, D., Srivastava, A., et al. (2016). Differential responses of Trans-Resveratrol on proliferation of neural progenitor cells and aged rat hippocampal neurogenesis. Sci. Rep. 6:28142. doi: 10.1038/srep28142

 Langcake, P., and Pryce, R. J. (1976). The production of resveratrol by Vitis vinifera and other members of the Vitaceae as a response to infection or injury. Physiol. Plant Pathol. 9, 77–86. doi: 10.1016/0048-4059(76)90077-1

 Latifi, L., and Sohrabnezhad, S. (2018). Influence of pore size and surface area of mesoporous silica materilas (MCM-41 and KIT-6) on the drug loading and release. J. Sol-Gel Sci. Technol. 87, 626–638. doi: 10.1007/s10971-018-4742-7

 Latruffe, N., and Vervandier-Fasseur, D. (2018). Strategic syntheses of vine and wine resveratrol derivatives to explore their effects on cell functions and dysfunctions. Diseases 6:110. doi: 10.3390/diseases6040110

 Li, J., Chong, T. I. E., Wang, Z., Chen, H., and Li, H. (2014). A novel anti-cancer effect of resveratrol: reversal of epithelial-mesenchymal transition in prostate cancer cells. Mol. Med. Rep. 10, 1717–1724. doi: 10.3892/mmr.2014.2417

 Li, Y., Huang, W., Li, C., and Huang, X. (2018). Indocyanine green conjugated lipid microbubbles as an ultrasound-responsive drug delivery system for dual-imaging guided tumor-targeted therapy. RSC Adv. 8, 33198–33207. doi: 10.1039/C8RA03193B

 Lian, B., Wu, M., Feng, Z., Deng, Y., Zhong, C., and Zhao, X. (2019). Folate-conjugated human serum albumin-encapsulated resveratrol nanoparticles: preparation, characterization, bioavailability and targeting of liver tumors. Artif. Cells Nanomed. Biotechnol. 47, 154–165. doi: 10.1080/21691401.2018.1548468

 Lin, C., Crawford, D. R., Lin, S., Hwang, J., Sebuyira, A., Meng, R., et al. (2011a). Inducible COX-2-dependent apoptosis in human ovarian cancer cells. Carcinogenesis 32, 19–26. doi: 10.1093/carcin/bgq212

 Lin, H.-Y., Sun, M., Tang, H.-Y., Simone, T. M., Wu, Y.-H., Grandis, J. R., et al. (2008b). Resveratrol causes COX-2- and p53-dependent apoptosis in head and neck squamous cell cancer cells. J. Cell. Biochem. 104, 2131–2142. doi: 10.1002/jcb.21772

 Lin, H. Y., Shih, A., Davis, F. B., Tang, H. Y., Martino, L. J., Bennett, J. A., et al. (2002). Resveratrol induced serine phosphorylation of p53 causes apoptosis in a mutant p53 prostate cancer cell line. J. Urol. 168, 748–755. doi: 10.1016/S0022-5347(05)64739-8

 Lin, H. Y., Tang, H. Y., Davis, F. B., and Davis, P. J. (2011b). Resveratrol and apoptosis. Ann. N. Y. Acad. Sci. 1215, 79–88. doi: 10.1111/j.1749-6632.2010.05846.x

 Lin, H. Y., Tang, H. Y., Keating, T., Wu, Y. H., Shih, A., Hammond, D., et al. (2008a). Resveratrol is pro-apoptotic and thyroid hormone is anti-apoptotic in glioma cells: both actions are integrin and ERK mediated. Carcinogenesis 29, 62–69. doi: 10.1093/carcin/bgm239

 Liu, Y., Wu, X., Hu, X., Chen, Z., Liu, H., Takeda, S., et al. (2017). Multiple repair pathways mediate cellular tolerance to resveratrol-induced DNA damage. Toxicol. Vitro 42, 130–138. doi: 10.1016/j.tiv.2017.04.017

 Lu, Z., Chen, R., Fu, R., Xiong, J., and Hu, Y. (2012). Cytotoxicity and inhibition of lipid peroxidation activity of resveratrol/cyclodextrin inclusion complexes. J. Incl. Phenom. Macrocycl. Chem. 73, 313–320. doi: 10.1007/s10847-011-0058-8

 Luo, H., Yang, A., Schulte, B. A., Wargovich, M. J., and Wang, G. Y. (2013). Resveratrol induces premature senescence in lung cancer cells via ROS-mediated DNA damage. PLoS ONE 8:e60065. doi: 10.1371/journal.pone.0060065

 Mao, Y. (2016). Epidemiology of Lung Cancer. Surg. Oncol. Clin. NA 25, 439–445. doi: 10.1016/j.soc.2016.02.001

 Medina-Aguilar, R., Marchat, L. A., Ocampo, E. A., Gariglio, P., Mena, J. G., Sepúlveda, N. V., et al. (2016). Resveratrol inhibits cell cycle progression by targeting Aurora kinase A and Polo-like kinase 1 in breast cancer cells. Oncol. Rep. 35, 3696–3704. doi: 10.3892/or.2016.4728

 Menaa, F., Menaa, A., and Menaa, B. (2014). Polyphenols nano-formulations for topical delivery and skin tissue engineering. Polyphenols Hum. Health Dis. 1, 839–848. doi: 10.1016/B978-0-12-398456-2.00065-7

 Meng, J., Guo, F., Xu, H., Liang, W., Wang, C., Yang, X., et al. (2016). Combination therapy using co-encapsulated resveratrol and paclitaxel in liposomes for drug resistance reversal in breast cancer cells in vivo. Sci. Rep. 6, 1–11. doi: 10.1038/srep22390

 Miki, H., Uehara, N., Kimura, A., Sasaki, T., Yuri, T., Yoshizawa, K., et al. (2012). Resveratrol induces apoptosis via ROS-triggered autophagy in human colon cancer cells. Int. J. Oncol. 40, 1020–1028. doi: 10.3892/ijo.2012.1325

 Mileo, A. M., and Miccadei, S. (n.d.). Polyphenols as Modulator of Oxidative Stress in Cancer Disease: New Therapeutic Strategies. Available online at: https://www.researchgate.net/publication/284243862_Polyphenols_as_Modulator_of_Oxidative_Stress_in_Cancer_Disease_New_Therapeutic_Strategies (accessed June 23 2020).

 Mohan, A., Narayanan, S., Sethuraman, S., and Krishnan, U. M. (2014). Novel resveratrol and 5-fluorouracil coencapsulated in PEGylated nanoliposomes improve chemotherapeutic efficacy of combination against head and neck squamous cell carcinoma. BioMed. Res. Int. 2014:424239. doi: 10.1155/2014/424239

 Mohanty, R. K., Thennarasu, S., and Mandal, A. B. (2014). Resveratrol stabilized gold nanoparticles enable surface loading of doxorubicin and anticancer activity. Colloids Surf. B. Biointerfaces 114, 138–143. doi: 10.1016/j.colsurfb.2013.09.057

 Mokni, M., Hamlaoui, S., Karkouch, I., Amri, M., Marzouki, L., Limam, F., et al. (2013). Resveratrol provides cardioprotection after ischemia/reperfusion injury via modulation of antioxidant enzyme activities. Iran. J. Pharm. Res. 12, 867–875.

 Mudshinge, S. R., Deore, A. B., Patil, S., and Bhalgat, C. M. (2011). Nanoparticles: emerging carriers for drug delivery. Saudi Pharm. J. 19, 129–141. doi: 10.1016/j.jsps.2011.04.001

 Mughal, T. (2010). Principal long-term adverse effects of imatinib in patients with chronic myeloid leukemia in chronic phase. Biologics 4:315. doi: 10.2147/BTT.S5775

 Mukherjee, S., Dudley, J. I., and Das, D. K. (2010). Dose-dependency of resveratrol in providing health benefits. Dose-Response 8, 478–500. doi: 10.2203/dose-response.09-015.Mukherjee

 N' soukpoe-Kossi, C. N., St-Louis, C., Beauregard, M., Subirade, M., Carpentier, R., Hotchandani, S., et al. (2006). Resveratrol binding to human serum albumin. J. Biomol. Struct. Dyn. 24, 277–283. doi: 10.1080/07391102.2006.10507120

 Narayanan, N. K., Nargi, D., Randolph, C., and Narayanan, B. A. (2009). Liposome encapsulation of curcumin and resveratrol in combination reduces prostate cancer incidence in PTEN knockout mice. Int. J. Canc. 125, 1–8. doi: 10.1002/ijc.24336

 Nassir, A. M., Shahzad, N., Ibrahim, I. A. A., Ahmad, I., Md, S., and Ain, M. R. (2018). Resveratrol-loaded PLGA nanoparticles mediated programmed cell death in prostate cancer cells. Saudi Pharm. J. 26, 876–885. doi: 10.1016/j.jsps.2018.03.009

 Navya, P. N., Kaphle, A., Srinivas, S. P., Bhargava, S. K., Rotello, V. M., and Daima, H. K. (2019). Current trends and challenges in cancer management and therapy using designer nanomaterials. Nano Converg. 6, 1–30. doi: 10.1186/s40580-019-0193-2

 Neophytou, C. M., and Constantinou, A. I. (2015). Drug delivery innovations for enhancing the anticancer potential of vitamin E isoforms and their derivatives. Biomed. Res. Int. 2015:584862. doi: 10.1155/2015/58486

 Neophytou, C. M., Constantinou, C., Papageorgis, P., and Constantinou, A. I. (2014). D-alpha-tocopheryl polyethylene glycol succinate (TPGS) induces cell cycle arrest and apoptosis selectively in Survivin-overexpressing breast cancer cells. Biochem. Pharmacol. 89, 31–42. doi: 10.1016/j.bcp.2014.02.003

 Onoue, S., Yamada, S., and Chan, H. K. (2014). Nanodrugs: pharmacokinetics and safety. Int. J. Nanomed. 9, 1025–1037. doi: 10.2147/IJN.S38378

 Opipari, A. W., Tan, L., Boitano, A. E., Sorenson, D. R., Aurora, A., and Liu, J. R. (2004). Resveratrol-induced autophagocytosis in ovarian cancer Cells. Canc. Res. 64, 696–703. doi: 10.1158/0008-5472.CAN-03-2404

 Öztürk, E., Arslan, A. K. K., Yerer, M. B., and Bishayee, A. (2017). Resveratrol and diabetes: a critical review of clinical studies. Biomed. Pharmacother. 95, 230–234. doi: 10.1016/j.biopha.2017.08.070

 Park, S. Y., Chae, S. Y., Park, J. O., Lee, K. J., and Park, G. (2016). Gold-conjugated resveratrol nanoparticles attenuate the invasion and MMP-9 and COX-2 expression in breast cancer cells. Oncol. Rep. 35, 3248–3256. doi: 10.3892/or.2016.4716

 Peters, T. (1995). 3 - Ligand Binding by Albumin. Cambridge, MA: Academic Press. 76–132.

 Plauth, A., Geikowski, A., Cichon, S., Wowro, S. J., Liedgens, L., Rousseau, M., et al. (2016). Hormetic shifting of redox environment by pro-oxidative resveratrol protects cells against stress. Free Radic. Biol. Med. 99, 608–622. doi: 10.1016/j.freeradbiomed.2016.08.006

 Poulsen, M. M., Vestergaard, P. F., Clasen, B. F., Radko, Y., Christensen, L. P., Stødkilde-Jørgensen, H., et al. (2013). High-dose resveratrol supplementation in obese men: an investigator-initiated, randomized, placebo-controlled clinical trial of substrate metabolism, insulin sensitivity, and body composition. Diabetes 62, 1186–1195. doi: 10.2337/db12-0975

 Pund, S., Thakur, R., More, U., and Joshi, A. (2014). Lipid based nanoemulsifying resveratrol for improved physicochemical characteristics, in vitro cytotoxicity and in vivo antiangiogenic efficacy. Colloids Surf. B. Biointerfacess 120, 110–117. doi: 10.1016/j.colsurfb.2014.05.016

 Revia, R. A., and Zhang, M. (2016). Magnetite nanoparticles for cancer diagnosis, treatment, and treatment monitoring: recent advances. Mater. Today 19, 157–168. doi: 10.1016/j.mattod.2015.08.022

 Rezende, J. P., Hudson, E. A., De Paula, H. M. C., Meinel, R. S., Da Silva, A. D., Da Silva, L. H. M., et al. (2019). Human serum albumin-resveratrol complex formation: effect of the phenolic chemical structure on the kinetic and thermodynamic parameters of the interactions. Food Chem. 307:125514. doi: 10.1016/j.foodchem.2019.125514

 Robinson, D., Allen, E. M., Van, S. C. L., Chinnaiyan, A. M., Robinson, D., Allen, E. M., et al. (2015). Integrative clinical genomics of advanced prostate resource integrative clinical genomics of advanced prostate cancer. Cell Press 161, 1215–1228. doi: 10.1016/j.cell.2015.05.001

 Robinson, K., Mock, C., and Liang, D. (2015). Pre-formulation studies of resveratrol. Drug Dev. Ind. Pharmacy 41, 1464–1469. doi: 10.3109/03639045.2014.958753

 Rostami, M., Ghorbani, M., Aman mohammadi, M., Delavar, M., Tabibiazar, M., and Ramezani, S. (2019). Development of resveratrol loaded chitosan-gellan nanofiber as a novel gastrointestinal delivery system. Int. J. Biol. Macromol. 135, 698–705. doi: 10.1016/j.ijbiomac.2019.05.187

 Rüweler, M., Gülden, M., Maser, E., Murias, M., and Seibert, H. (2009). Cytotoxic, cytoprotective and antioxidant activities of resveratrol and analogues in C6 astroglioma cells in vitro. Chem. Biol. Interact. 182, 128–135. doi: 10.1016/j.cbi.2009.09.003

 Safarzadeh, E., Shotorbani, S. S., and Baradaran, B. (2014). Herbal medicine as inducers of apoptosis in cancer treatment. Adv. Pharm. Bull. 4(Suppl. 1), 421–427. doi: 10.5681/apb.2014.062

 Salehi, B., Mishra, A. P., Nigam, M., Sener, B., Kilic, M., Sharifi-Rad, M., et al. (2018). Resveratrol: a double-edged sword in health benefits. Biomedicines 6:91. doi: 10.3390/biomedicines6030091

 San Hipólito-Luengo, Á., Alcaide, A., Ramos-González, M., Cercas, E., Vallejo, S., Romero, A., et al. (2017). Dual effects of resveratrol on cell death and proliferation of colon cancer cells. Nutr. Canc. 69, 1019–1027. doi: 10.1080/01635581.2017.1359309

 Sanna, V., Siddiqui, I. A., Sechi, M., and Mukhtar, H. (2013a). Nanoformulation of natural products for prevention and therapy of prostate cancer. Canc. Lett. 334, 142–151. doi: 10.1016/j.canlet.2012.11.037

 Sanna, V., Siddiqui, I. A., Sechi, M., and Mukhtar, H. (2013b). Resveratrol-loaded nanoparticles based on poly(epsiloncaprolactone) and poly(D,L-lactic-co-glycolic acid)-poly(ethylene glycol) blend for prostate cancer treatment. Mol. Pharm. 10, 3871–3881. doi: 10.1021/mp400342f

 Santos, A. C., Pereira, I., Magalhães, M., Pereira-Silva, M., Caldas, M., Ferreira, L., et al. (2019). Targeting cancer via resveratrol-loaded nanoparticles administration: focusing on in vivo evidence. AAPS J. 21, 1–16. doi: 10.1208/s12248-019-0325-y

 Saunier, E., Antonio, S., Regazzetti, A., Auzeil, N., Laprévote, O., Shay, J. W., et al. (2017). Resveratrol reverses the Warburg effect by targeting the pyruvate dehydrogenase complex in colon cancer cells. Sci. Rep. 7:6945. doi: 10.1038/s41598-017-07006-0

 Serini, S., Cassano, R., Corsetto, P. A., Rizzo, A. M., Calviello, G., and Trombino, S. (2018). Omega-3 PUFA loaded in resveratrol-based solid lipid nanoparticles: physicochemical properties and antineoplastic activities in human colorectal cancer cells in vitro. Int. J. Mol. Sci. 19:586. doi: 10.3390/ijms19020586

 Shao, J., Li, X., Lu, X., Jiang, C., Hu, Y., Li, Q., et al. (2009). Enhanced growth inhibition effect of resveratrol incorporated into biodegradable nanoparticles against glioma cells is mediated by the induction of intracellular reactive oxygen species levels. Colloids Surf. B. Biointerfaces 72, 40–47. doi: 10.1016/j.colsurfb.2009.03.010

 Shindikar, A., Akshita Singh, A., Nobre, M., and Kirolikar, S. (2016). Curcumin and resveratrol as promising natural remedies with nanomedicine approach for the effective treatment of triple negative breast cancer. J. Oncol. 4(Suppl 1), 421–427. doi: 10.1155/2016/9750785

 Siddiqui, I. A., Sanna, V., Ahmad, N., Sechi, M., and Mukhtar, H. (2015). Resveratrol nanoformulation for cancer prevention and therapy. Ann. N. Y. Acad. Sci. 1348, 20–31. doi: 10.1111/nyas.12811

 Singh, C. K., George, J., and Ahmad, N. (2013). Resveratrol-based combinatorial strategies for cancer management. Ann. N. Y. Acad. Sci. 1290, 113–121. doi: 10.1111/nyas.12160

 Singh, S. K., Lillard, J. W., and Singh, R. (2018). Reversal of drug resistance by planetary ball milled (PBM) nanoparticle loaded with resveratrol and docetaxel in prostate cancer. Canc. Lett. 427, 49–62. doi: 10.1016/j.canlet.2018.04.017

 Song, Z., Shi, Y., Han, Q., and Dai, G. (2018). Endothelial growth factor receptor-targeted and reactive oxygen species-responsive lung cancer therapy by docetaxel and resveratrol encapsulated lipid-polymer hybrid nanoparticles. Biomed. Pharmacother. 105, 18–26. doi: 10.1016/j.biopha.2018.05.095

 Stephan, L., Almeida, E., Markoski, M., Garavaglia, J., and Marcadenti, A. (2017). Red wine, resveratrol and atrial fibrillation. Nutrients 9:1190. doi: 10.3390/nu9111190

 Suktham, K., Koobkokkruad, T., Wutikhun, T., and Surassmo, S. (2018). Efficiency of resveratrol-loaded sericin nanoparticles: promising bionanocarriers for drug delivery. Int. J. Pharm. 537, 48–56. doi: 10.1016/j.ijpharm.2017.12.015

 Summerlin, N., Soo, E., Thakur, S., Qu, Z., Jambhrunkar, S., and Popat, A. (2015). Resveratrol nanoformulations: challenges and opportunities. Int. J. Pharm. 479, 282–290. doi: 10.1016/j.ijpharm.2015.01.003

 Sun, Y., Zhou, Q. M., Lu, Y. Y., Zhang, H., Chen, Q. L., Zhao, M., et al. (2019). Resveratrol inhibits the migration and metastasis of MDA-MB-231 human breast cancer by reversing TGF-β1-induced epithelial-mesenchymal transition. Molecules 24:1131. doi: 10.3390/molecules24061131

 Szewczuk, L. M., Forti, L., Stivala, L. A., and Penning, T. M. (2004). Resveratrol is a peroxidase-mediated inactivator of COX-1 but not COX-2: a mechanistic approach to the design of COX-1 selective agents. J. Biol. Chem. 279, 22727–22737. doi: 10.1074/jbc.M314302200

 Tabibiazar, M., Mohammadifar, M. A., Roufegarinejad, L., Ghorbani, M., Hashemi, M., and Hamishehkar, H. (2019). Improvement in dispersibility, stability and antioxidant activity of resveratrol using a colloidal nanodispersion of BSA-resveratrol. Food Biosci. 27, 46–53. doi: 10.1016/j.fbio.2018.10.015

 Tang, H.-Y., Shih, A., Cao, H. J., Davis, F. B., Davis, P. J., and Lin, H.-Y. (2006). Resveratrol-induced cyclooxygenase-2 facilitates p53-dependent apoptosis in human breast cancer cells. Mol. Canc. Ther. 5, 2034–2042. doi: 10.1158/1535-7163.MCT-06-0216

 Teisseyre, A., and Michalak, K. (2006). Inhibition of the activity of human lymphocyte Kv1.3 potassium channels by resveratrol. J. Membr. Biol. 214, 123–129. doi: 10.1007/s00232-007-0043-8

 Teskač, K., and Kristl, J. (2010). The evidence for solid lipid nanoparticles mediated cell uptake of resveratrol. Int. J. Pharm. 390, 61–69. doi: 10.1016/j.ijpharm.2009.10.011

 Thapa, S. B., Pandey, R. P., Park, Y., Il, and Kyung Sohng, J. (2019). Biotechnological advances in resveratrol production and its chemical diversity. Molecules (Basel, Switzerland) 24:2571. doi: 10.3390/molecules24142571

 Tian, Y., Song, W., Li, D., Cai, L., and Zhao, Y. (2019). Resveratrol as a natural regulator of autophagy for prevention and treatment of cancer. OncoTargets Ther. 12, 8601–8609. doi: 10.2147/OTT.S213043

 Timmers, S., Auwerx, J., and Schrauwen, P. (2012). The journey of resveratrol from yeast to human. Aging 4, 146–158. doi: 10.18632/aging.100445

 Trapp, V., Parmakhtiar, B., and Fruehauf, J. P. (2010). Anti-angiogenic effects of resveratrol mediated by decreased VEGF and increased TSP1 expression in melanoma-endothelial cell co-culture. Angiogenesis 13, 305–315. doi: 10.1007/s10456-010-9187-8

 Tvrdá, E., Lukáč, N., Lukáčová, J., Hashim, F., and Massányi, P. (2015). In vitro supplementation of resveratrol to bovine spermatozoa: effects on motility, viability and superoxide production. J. Microbiol. Biotechnol. Food Sci. 04, 336–341. doi: 10.15414/jmbfs.2015.4.4.336-341

 Upadhyay, S., and Dixit, M. (2015). Role of polyphenols and other phytochemicals on molecular signaling. Oxid. Med. Cell. Longev. 2015:504253. doi: 10.1155/2015/504253

 Velmurugan, B. K., Rathinasamy, B., Lohanathan, B. P., Thiyagarajan, V., and Weng, C. F. (2018). Neuroprotective role of phytochemicals. Molecules 23:2485. doi: 10.3390/molecules23102485

 Venuti, V., Cannav,à, C., Cristiano, M. C., Fresta, M., Majolino, D., Paolino, D., et al. (2014). A characterization study of resveratrol/sulfobutyl ether-β-cyclodextrin inclusion complex and in vitro anticancer activity. Colloids Surf. B. Biointerfaces 115, 22–28. doi: 10.1016/j.colsurfb.2013.11.025

 Vergaro, V., Lvov, Y. M., and Leporatti, S. (2012). Halloysite clay nanotubes for resveratrol delivery to cancer cells. Macromol. Biosci. 12, 1265–1271. doi: 10.1002/mabi.201200121

 Vervandier-Fasseur, D., and Latruffe, N. (2019). The potential use of resveratrol for cancer prevention. Molecules 24:4506. doi: 10.3390/molecules24244506

 Vijayakumar, M. R., Kosuru, R., Singh, S. K., Prasad, C. B., Narayan, G., Muthu, M. S., et al. (2016a). Resveratrol loaded PLGA:D-α-tocopheryl polyethylene glycol 1000 succinate blend nanoparticles for brain cancer therapy. RSC Adv. 6, 74254–74268. doi: 10.1039/C6RA15408E

 Vijayakumar, M. R., Kumari, L., Patel, K. K., Vuddanda, P. R., Vajanthri, K. Y., Mahto, S. K., et al. (2016b). Intravenous administration of: Trans -resveratrol-loaded TPGS-coated solid lipid nanoparticles for prolonged systemic circulation, passive brain targeting and improved in vitro cytotoxicity against C6 glioma cell lines. RSC Adv. 6, 50336–50348. doi: 10.1039/C6RA10777J

 Wang, J., Li, J., Cao, N., Li, Z., Han, J., and Li, L. (2018). Resveratrol, an activator of SIRT1, induces protective autophagy in non-small-cell lung cancer via inhibiting Akt/mTOR and activating p38-MAPK. OncoTargets Ther. 11, 7777–7786. doi: 10.2147/OTT.S159095

 Wang, R., Zhang, Q., Peng, X., Zhou, C., Zhong, Y., Chen, X., et al. (2016). Stellettin B induces G1 arrest, apoptosis and autophagy in human non-small cell lung cancer A549 Cells via blocking PI3K/Akt/mTOR pathway. Sci. Rep. 6:27071. doi: 10.1038/srep27071

 Wang, W., Zhang, L., Chen, T., Guo, W., Bao, X., Wang, D., et al. (2017). Anticancer effects of resveratrol-loaded solid lipid nanoparticles on human breast cancer cells. Molecules 22:1814. doi: 10.3390/molecules22111814

 Wang, X. X., Li, Y. B., Yao, H. J., Ju, R. J., Zhang, Y., Li, R. J., et al. (2011). The use of mitochondrial targeting resveratrol liposomes modified with a dequalinium polyethylene glycol-distearoylphosphatidyl ethanolamine conjugate to induce apoptosis in resistant lung cancer cells. Biomaterials 32, 5673–5687. doi: 10.1016/j.biomaterials.2011.04.029

 Weiskirchen, S., and Weiskirchen, R. (2016). Resveratrol: how much wine do you have to drink to stay healthy? Adv. Nutr. 7, 706–718. doi: 10.3945/an.115.011627

 Wesołowska, O., Kuzdza,ł, M., Štrancar, J., and Michalak, K. (2009). Interaction of the chemopreventive agent resveratrol and its metabolite, piceatannol, with model membranes. Biochim. Biophys. Acta 1788, 1851–1860. doi: 10.1016/j.bbamem.2009.06.005

 WHO (2018). Cancer Key Facts. Geneva: World Health Organization.

 Wood, J. G., Regina, B., Lavu, S., Hewitz, K., Helfand, S. L., Tatar, M., et al. (2004). Sirtuin activators mimic caloric restriction and delay ageing in metazoans. Nature 430, 686–689. doi: 10.1038/nature02789

 Xin, Y., Liu, T., and Yang, C. L. (2016). Development of PLGA-lipid nanoparticles with covalently conjugated indocyanine green as a versatile nanoplatform for tumor-targeted imaging and drug delivery. Int. J. Nanomed. 11, 5807–5821. doi: 10.2147/IJN.S119999

 Xu, X., Chen, K., Kobayashi, S., Timm, D., and Liang, Q. (2012). Resveratrol attenuates doxorubicin-induced cardiomyocyte death via inhibition of p70 S6 kinase 1-mediated autophagy. J. Pharmacol. Exp. Ther. 341, 183–195. doi: 10.1124/jpet.111.189589

 Yang, R., Zhang, H., and Zhu, L. (2011). Inhibitory effect of resveratrol on the expression of the VEGF gene and proliferation in renal cancer cells. Mol. Med. Rep. 4, 981–983. doi: 10.3892/mmr.2011.511

 Yip, K. W., and Reed, J. C. (2008). Bcl-2 family proteins and cancer. Oncogene 27, 6398–6406. doi: 10.1038/onc.2008.307

 Youk, H. J., Lee, E., Choi, M. K., Lee, Y. J., Jun, H. C., Kim, S. H., et al. (2005). Enhanced anticancer efficacy of α-tocopheryl succinate by conjugation with polyethylene glycol. J. Control. Release 107, 43–52. doi: 10.1016/j.jconrel.2005.05.014

 Yu, C., Geun Shin, Y., Chow, A., Li, Y., Kosmeder, J. W., Sup Lee, Y., et al. (2002). Human, rat, and mouse metabolism of resveratrol. Pharm. Res. 19, 1907–1914. doi: 10.1023/A:1021414129280

 Zhang, D., Zhang, J., Zeng, J., Li, Z., Zuo, H., Huang, C., et al. (2019). Nano-gold loaded with resveratrol enhance the anti-hepatoma effect of resveratrol in vitro and in vivo. J. Biomed. Nanotechnol. 15, 288–300. doi: 10.1166/jbn.2019.2682

 Zhang, S., Cao, H. J., Davis, F. B., Tang, H. Y., Davis, P. J., and Lin, H. Y. (2004). Oestrogen inhibits resveratrol-induced post-translational modification of p53 and apoptosis in breast cancer cells. Br. J. Canc. 91, 178–185. doi: 10.1038/sj.bjc.6601902

 Zhang, Y., Li, X. R., Zhao, L., Duan, G. L., Xiao, L., and Chen, H. P. (2018). DJ-1 preserving mitochondrial complex I activity plays a critical role in resveratrol–mediated cardioprotection against hypoxia/reoxygenation–induced oxidative stress. Biomed. Pharmacother. 98, 545–552. doi: 10.1016/j.biopha.2017.12.094

 Zhao, Y. N., Cao, Y. N., Sun, J., Wu, Q., Cui, S. H., Zhi, D. F., et al. (2019). Anti-breast cancer activity of resveratrol encapsulated in liposomes. J. Mater. Chem. B 8, 27–37. doi: 10.1039/C9TB02051A

 Zykova, T. A., Zhu, F., Zhai, X., Ma, W. Y., Ermakova, S. P., Ki, W. L., et al. (2008). Resveratrol directly targets COX-2 to inhibit carcinogenesis. Mol. Carcinog. 47, 797–805. doi: 10.1002/mc.20437

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Sharifi-Rad, Quispe, Mukazhanova, Knut, Turgumbayeva, Kipchakbayeva, Seitimova, Mahomoodally, Lobine, Koay, Wang, Sheridan, Leyva-Gómez, Prado-Audelo, Cortes, Rescigno, Zucca, Sytar, Imran, Rodrigues, Cruz-Martins, Ekiert, Kumar, Abdull Razis, Sunusi, Kamal and Szopa. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fmolb-08-649395-t002.jpg
Nanoparticle description

Peptide lipid CDO and sucrose
laurate L 126 liposomes encapsulating
resveratrol;

PS ~140 nm with narrow distribution
range;

spherical;

EE >90%;

ZP ~40mV

P127/TPGS mixed micelles
encapsulating resveratrol,

functionalized with FA; PS ~20 nm;
PDI0.098; spherical; EE ~99.67%

Piperine-loaded mixed micelles made
of Poloxamer 407 and TPGS
encapsulating resveratrol;

PS 195.00  1.00nm; smooth and
spherical; EE 76,50 + 2.01%; ZP
17.99 + 0.65mV

Halloysite nanotubes loaded with
resveratrol and coated with/out
PEI-PSS/PAH or PRM/DXS; EE
~99.7%

Mesoporous siica KIT-6, MCM-41,
KIT-6-NH2 and MCM-41-NH2
encapsulating resveratrol; more
resveratrol dispersed on MCM-41
than KIT-6 carier; EE 7-76%
Chitosan-gellan nanofibers
encapsulating resveratrol;

d 166::37 and 29141 nm
depending on the chitosan-gellan
ratio;

fiber morphology;

EE: 86:6%

Sericin nanoparticles loaded with
resveratrol;

PS ~200 to 400nm; PDI 0.2-0.4;
monodisperse, spherical, smooth; EE
~T70-75%; ZP ~-20mV

Glyceryl behenate-based sold lipid
nanoparticles encapsulating
resveratrol;

PS 248.30 =+ 3.80 nm; spherical and
smooth; PDI 0.277 £ 0.017; EE
33.93%; LC 3.08%; ZP —25.49 +
0.49mV

MPEG-PCL based nanoparticles
encapsulating resveratrol; PS
78.3+7.9nm; PDI 0.14:0.04;
smooth and spherical; EE 91::4.6%;
LC 19.442.4%; ZP 6.5+1.4mV
PLGA lipid nanoparticles conjugated
with ICG and FA encapsulating
resveratrol; PS 92.8:2.1nm; d
104.5-121.1 nm; wel-defined sphere;
EE (resveratrol) 65.6::4.7%; EE (ICG)
38.4+4.8%; ZP ~8.4 mV—47.3mV

TPGS-coated nanoparticles
encapsulating resveratrol;
PS203.1 % 14.91nm;

PDI 0.263 £ 0.12;
spherical;

EE70.18 £ 5.19%

7P —105 & 2.94mV

PLGA:TPGS biend nanoparticles
encapsulating resveratrol;

PS 1755 + 8.47nm;

PDI 0.147 £ 0.09;

spherical;

EE 61.81 £ 3.57%;

ZP ~16.86 + 1.59mV

Tt-modiffied PEG-PLA nanoparticles
conjugated with resveratrol;

PS 153.3 4 28.2nm;

d 150nm;

32 Tf on surface;

EE78.2 + 4.8%;

LC4.35 +£0.15%

ZP -96 % 0.4mV

HSA nanoparticles encapsulating
resveratrol, conjugated with folate;
PS 102.1+4.9nm;

PDI 0.001;

approximately spherical and
connected to each other;

EE 98.36%; LC 14.66%

Gelatin nanoparticles encapsulating
resveratrol by glutaraldehyde;

d 294 nm; PDI 0.295;

spherical;

EE 93.6%; ZP —18.6mV

HSA encapsulating resveratrol,
functionalized with RGD;

PS 120£2.6nm;
homodisperse and spherical;
EE62.5+4.21%

$-CD nanosponges encapsulating
resveratrol and oxy-resveratrol;
PS 213.4 % 2.45nm and 2203 &
7.24nm;

PDI 0.32 0,02 and 0.29 & 0.08;
uniform spherical;

EE 77.73% and 80.33%;
ZP23.6+025mVand 22.3 +
0.90mV

Study purpose

Improve resveratrol
physicochemical properties and
delivery to effectively treat breast
cancer

Improve water solubity and
targeted tumor site accumulation
and decrease rapid metabolism

Improve solubilty, oral
bicavailabity and anticancer
activity

Evaluate properties of the
proposed strategy

Evaluate the properties of
proposed nanoparticle

Evaluate the characteristics of
the proposed strategy and
potential for gastrointestinal
region delivery

Study the feasibiity of the
production of the proposed
nanoparticle

Investigate the brain targeting
abilty of the proposed strategy

Evaluate the glioma anticancer
function of the proposed strategy

Evaluate for highly sensitive
dual-imaging guided tumor
targeted therapy

Improve systemic circulation
time, biological half-ife and brain
passive targeting of resveratrol

Improve systemic circulation time
and biological half-life of
resveratrol

Evaluate the glioma anticancer
function of the proposed strategy

Evaluate the potential for
targeted cancer therapy in
hepatocelluar carcinoma

Evaluate the anticancer activity

Evaluate the potential for
targeted cancer therapy in
pancreatic tumor

Improve aqueous solubiity and
stabiity

Type of
cancer

Breast cancer

Breast cancer

Breast cancer

Breast cancer

Breast cancer

Colorectal
cancer

Colorectal
cancer

Glioma

Glioma

Glioma

Glioma

Glioma

Glioma

Liver cancer

Lung cancer

Pancreatic
cancer

Prostate
cancer

In vitro safety

MCR-5 and MCR-7 cells MTT cytotoxicity assay; up
to64pmand 48 h

blank: did not affect survival of both celllines
selective cytotoxicity against MCR-7 cells unlike
free resveratrol Apoptosis assay (up to 64 um
and 48 h)

blank: low level though increased slightly

with concentration Dialysis method up to 84 h
rapid then slow and sustained release

MGF-7 cells; CCK-8 cytotoxic assay (up to 48h and
300 pg/ml)
« blank: no significant until relatively
high concentration Dialysis method; up to 100 h
« nanoparticles showed a slower and
sustained-release profile

MCF-7 cells; SRB cytotoxic assay: up to 25 ug/mL

and 48y

« blank: Glso: 21.67::0.51 mg/mL; slight toxicity
due to TPGS

MCF-7 cells; MTT cytotoxicity assay; up to 25 mM
and 96 h; -blanks: all did not decrease cell viabilty.
Release kinetics in phosphate buffer; up to 48 h;
* halloysite nanotubes loaded with resveratrol
showed slow and sustained release.
MCF-7 cells; MTT cell cytotoxicity assay; up to 1
mg/ml and 24 h;
« blanks: all carriers non-toxic. Release kinetics in
simulated body fluid; up to ~18 h;
« slower release
HT29 cells; MTT cytotoxicity assay; up to 30 pg/mL
72h;
« -blank (Chitosan: gellan at 90:5% wA):
no significant.

CRL-2522 and Caco-2 cells; MTT cytotoxicity

assay; up to 1.0% and 24 h;

« blank: no significant

« selective cytotoxicity against Caco-2 cells.

* Confocal imaging; up to 24h;

* no acute toxic damage; evident cell di

* Dialysis method; up to 72h;

« rapid then slow and sustained release

G6 cells; MTT cytotoxicity assay; up to 250 pg/mL

and 72 h;

« blank: not significant. Dialysis method; up to
24h;

« rapid then sustained release.

G6 cells; MTT cytotoxicity assay; up to 32 uM

equivalent to resveratrol and 48 h;

« blank: not significant. Dialysis method; up to
~120 h;

« rapid then sustained release

UBT cell; CCK-8 cytotoxicity assay; up to

100pg/mL and 24 h;

« blank: not significant. Apoptosis assay; up to
30pg/mL and 24 h;

« blank: not significant. Dialysis method; up to
70h;

« rapid then sustained release.

C6 cells; MTT cytotoxicity assay; up to 72 h;

* blank: concentration-dependent cytotoxicity ue
to TPGS. Human blood; Hemolysis; up to dose
equivalent to 100pg/mL resveratrol and 8 h;

« within limits. Platelet aggregation; up to dose
equivalent to 100pg/mL resveratrol and 2 h;

« ot significant. Dialysis method; up to 48 h;

o rapid then sustained release.

G6 cells; MTT cytotoxicity assay; up to 72 h;

« blank: concentration-dependent cytotoxicity e

to TPGS. Human blood; hemolysis; up to dose

equivalent to 100pg/mL resveratrol and 8 h;

within limits. Erythrocyte membrane integrity; up

to dose equivalent to 100 g/mL resveratrol and
8h;

not significant. Platelet aggregation; up to dose

equivalent to 100pg/mL resveratrol and 2 h;

not significant. Dialysis method; up to 48 h;

o rapid then sustained release.

©6, U8 cells and rat astrocyte cells; MTT
cytotoxicity assay; up to 80 pmol/L and 72 h;
-blank: not significant, -normal rat astrocytes
showed higher resistance. Dialysis method; up to
48 hy; -rapid then sustained release.

HepG2 cells; MTT cell viabilty assay; up to 48h;
blank: N/A.

Dialysis technique; up to 25h;

nanoparticles showed a slower release profle.

NCI-H460 cel

wgand 24 h;

* blank: N/A.

« Release kinetics in PBS buffer; up to 54 h;

« rapid then controlled release.

* Fresh blood; erythrocyte aggregation assay; 1:1
drug: erythrocyte ratio; 1 h incubation;

* noeffect.

PANG-1 cells; GCK-8 cytotoxicity assay; up to 24h

and 200 pg/mL;

« blank: not significant. Human red blood cells;

hemolysis assay; up to 200 ug/mL and 3 h;

not significant. High colloidal stabilty and

LV stabiity.

DU-145 cells; MTT cell viabilty assay; up to 96h

and 100 pg/m;

dose-dependent toxicity

blank: no significant.

Dialysis method; up to 100h;

oxy-resveratrol nanoparticles showed more

uniform and slow-release profile compared to its

native form.

UV lamp method; up to 120m;

resveratrol and oxy-resveratrol nanoparticles

showed 2-fold and 3-fold higher photostability

than their native forms.

: MTT cytotoxicity assay: up to 50

In vivo safety

Male BALB/c nude mice (4-6 wk) IV dose
up to 25 mg/kg six times in 2-day interval
« no significant change in dehydation,
locomotor impairment, anorexia,
behavioral abnormalities or other
toxicity-related changes.
significantly lower effect on weight loss
and histological abnormalities in heart,
liver, spleen, lung and kidney than
resveratrol alone
did not alter BUN, AST and ALT
Sprague-Dawley rats (220-250g); IV dose
equivalent to 23.1 mg/kg resveratrol; up to
8h
« pharmacokinetics: higher MRT and AUG
due to slow release and
clearance avoidance
Kunming mice (18-22 g); IV dose of 10
mg/kg resveratrol; up to 2h;
« tissue distrioution: decreased
accumulation in the heart and kidneys
Male Wistar albino rats (200-240g); oral
dose equivalent to 30 mg/g resveratrol; up
tosh;
« pharmacokinetics: higher Grax 50
slower release.
Female Wistar albino rats (200-240g); oral
dose equivalent to 30 mg/g resveratrol; up
to16d;
« histology: no significant brain, heart,
lung, liver, kidney, stomach
tissue toxicity
/A

N/A

N/A

NA

Female adult Wistar rats (150-200g); IP
dose of 5 mg/kg; 90 min;
« higher brain accumulation.

N/A

U87 tumor-bearing BALB/G mice (6-8 wk);
IV 200 L at a dose of 16 mg/kg; up to 1
month;

« high tumor selective accumulation,

* no significant weight loss,

« histology: no significant damages in the
heart, liver, spleen, lungs and kidneys.
-normal blood parameters including HGB,
HCT, WBC, RBC, HGB, MPV, HCT, MCH,

MCHC and MCV.

Charles Foster's rats (150-200¢); IV dose
of 2 mg/kg equivalent to resveratrol; up to
48h;

« higher brain accumulation.

Charles Foster's rats (150-200g); IV dose
of 2 mg/kg equivalent to resveratrol; up to
48h;

o higher brain accumulation.

6 glioma bearing male Sprague-Dawley

(SD) rats (180-220g); IP dose equivalent

to 15 mg/kg resveratrol;

« low accumulation in brain normal tissue,

« deposition in heart, iver, spleen and
Kidneys; high liver accumulation but did
not impair function.

Sprague-Dawiey rats (weight, 180£20);
IV dose equivalent to 6 mg/kg resveratrol
per day for 2 wk;
« siight weight increase; no toxic effect on
organs,
* immune organ index: no
significant change.

NA

Balb/c nude mice (4-5 wk); IV dose

equivalent to 5 and 10 mg/kg resveratrol;

35-day treatment;

« no significant weight decrease,

« histology: no significant heart, liver,
spleen, lung and kidney toxicity.

N/A

References

Zhao et al. (2019)

Hao et al. (2017)

Jadhav etal
(2016)

Vergaro et al.
(2012)

Latifi and
Sohrabnezhad
(2018)

Rostarni et al.
(2019)

Suktham et al.
(2018)

Jose et al. (2014)

Shao et al. (2009)

Xin et al. (2016)

Vijayakumar et al
(20160)

Vijayakumar et al.
(20162)

Guoet al. (2013)

Lian et al. (2019)

Karthikeyan et al.
(2013)

Geng et al. (2017)

Dhakar et al.
(2019)

“N/A - not applicable; " AST, aspartate amino transferase; ALT, alanine aminotransferase; AUC, area under curve; BUN, blood urea nitrogen; CCK-8, cell counting kit-8; CD, cyclodextrin; CD, 1,2- bis-myristyloxyamidopropyl orithine; d,
diameter; DXS, dextran suffate sodium salt; EE, encapsulation efficiency; FA, folic acid; HCT, hematocrit; HGB, hemoglobin; HAS, human serum albumin; ICG, indocyanine green; IF, intraperitoneal; IV, intravenous; LC, loading capacity,

MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCY, mean corpuscular volume; mPEG, methoxypolyethyleneglycol; MPV, mean platelet volume; MRT, mean residence time; MTT, 3-

dimethyithiazol-2-y1)-2,5-diphenyl tetrazolium bromide; nanoparticle, nenoparticle; PAH, poly(ellylamine hydrochioride); PCL, polycaprolectone; PDI, PDI; PEG, polyethyleneglycol; PL, polylactic acid: PLGA, poly(d,actide-co-glycolide)
PRM, protemine salt; P127, Pluronic 127; PS, particle size; PSS, poly(sodium 4-styrene-sulfonate); RBC, red blood cell count; resveratrol, resveratrol; RGD, arginine-glycine-aspartate; SRB, sulforhodamine B, Tf: transferrin; TPGS,

D-

tocopheryl polyethylene glycol 1000 succinate; US, ultrasound; WBC, white blood cell count; ZP, zeta potential.
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Formulation/details

Nanoparticles
MPEG-PCL based nanoparticles

Resveratrol-loaded
poly(e-caprolactone)
nanocapsules
Resveratrol-capped gold
nanoparticles

(Size: 22.28::2.98nm in
diameter)

Resveratrol-doxorubicin-loaded
gold nanoparticles
(resveratrol_GnanoparticleS)
(Average size and zeta potential
35nm and —21.2mV)
Zein/pectin core-shel
nanoparticles (size ~235nmin
diameter and contain resveratrol
content of 10.2%, w/w)

Radiolabeled resveratrok-loaded
gold nanoparticles

Liposomes

Ultra-deformable liposomes
(Resveratrol and 5-fluorouracil
co-loaded)

Chitosan (CTS) modified
liposomes, and coated by gold
nanoshells
(GNS@CTS@Res-lips)

Liposomes

Cyclodextrin
cyclodextrin-based
nanosponges (size between 400
10500nm)

Nanoemulsion (ipid based
nanoemulsifying resveratrol)
Other approaches
Lactobionic/folate dual-targeted
amphiphiic maltodextrin-based
micelles

(resveratrol and sulfasalazine)

Tested system

6 glioma cells
Murine melanoma cell and mice model

Human breast cancer cells

Glioma carcinoma cell line

Human hepatocarcinoma Bel-7402 cells

HT29 colon cancer cells and
hepatocellular carcinoma bearing animal
model

SK-MEL-28 cells and Colo-38 cells

Hela cells

PTEN-CaP8 cells and PTEN knockout
mice

HCPC-I cells

MCF-7 breast cancer cells

HepG-2 iver cancer cell

Experimental results

* Increased cell death, cytotoxicity and intracellular
ROS levels production compared to
free resveratrol

« Inhibited cell growth and induced cell death

* Reduced tumor volume and increased necrotic
area and inflammatory infilrate

« Inhibited breast cancer cell progression by
influencing the matrix metalloproteinase,
cyclooxygenase-2, nuclear transcription
factor-xB, activator protein-1, phosphoinositide
3-Kkinase/Akt (PIBK/AKt) and extracellular
signal-regulated kinase

« Enhanced anticancer activity

* G50 value for doxorubicin loaded
resveratrol-Gnanoparticies and free doxorubicin
are 4pg/ml and 6 g/mL, respectively

* Exhibited higher antiproliferative activity (IC50 =
17.6 pg/mL, 77.2 M) as compared to free
resveratrol (050 = 26.6 pug/mL, 112.0 M)

« Cancer cell internalization for 99mTe-Res-Au
nanoparticle was significantly higher than that of
99mTe-Au nanoparticle and 99mTc-resveratrol.

* Gradual rise in target to nontarget uptake over
time was observed following iv. administration of
99mTe-Res-Au nanoparticle to colon tumor
bearing rats

* High abilty to block cell proliferation in G1/S,
modifying the action of 5-fluorouracil and
increasing the activity of resveratrol

« Efficient on-demand pH/photothermal-sensitive
drug release and improved drug celluiar uptake
and cytotoxicity

« Inhibited cell growth and induced apoptosis in
PTEN-CaP8 cells

« Downregulated p-Akt, cyclin D1, mTOR, and AR

« Decreased prostatic adenocarcinoma with
significant raise in curcumin concentration when
co-administered with resveratrol

« Improved in vitro release and stabilty as
compared to plain drug

« Higher toxicity effects compared to
free resveratrol

« Enhanced cytotoxicity

« Duak-targeted micelles enhanced cytotoxicity via
binding to overexpressed folate and
asialoglycoprotein receptors and showed
improved cellular uptake

« In vivo: Reduced liver/body weight ratio via
stimulation of apoptotic enzyme, 3 and
suppression of the VEGF (tumor
angiogenic marker)
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