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Abstract

Background: Resveratrol (3, 5, 4
0
-trihydroxystilbene), a natural polyphenol and

phytoalexin, has drawn considerable attention in the past decade due to its wide vari-

ety of therapeutic activities such as anticancer, anti-inflammatory, and antioxidant

properties. However, its poor water solubility, low chemical stability, and short bio-

logical half-life limit its clinical utility.

Recent findings: Nanoparticles overcome the limitations associated with conven-

tional chemotherapeutic drugs, such as limited availability of drugs to the tumor tis-

sues, high systemic exposures, and consequent toxicity to healthy tissues. This

review focuses on the physicochemical properties of resveratrol, the therapeutic

potential of resveratrol nano-formulations, and the anticancer activity of resveratrol

encapsulated nanoparticles on various malignancies such as skin, breast, prostate,

colon, liver, ovarian, and lung cancers (focusing on both in vitro and in vivo studies).

Conclusions: Nanotechnology approaches have been extensively utilized to achieve

higher solubility, improved oral bioavailability, enhanced stability, and controlled release of

resveratrol. The resveratrol nanoparticles have markedly enhanced its anticancer activity

both in vitro and in vivo, thus considering it as a potential strategy to fight various cancers.
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1 | INTRODUCTION

Traditional medicine, utilizing bioactive natural compounds, has been

in use for centuries in various cultures worldwide.1 In this regard, nat-

urally occurring dietary phytochemicals have gained significant atten-

tion due to their broad range of therapeutic effects in preventing the

initiation and progression of a disease. These bioactive natural com-

pounds identified in various foods and beverages are less harmful with

excellent therapeutic activity and minimal toxicity. They are inherent

within the host system to protect them against viruses, parasites,

and various external stresses. Over the past several years, the poten-

tial of a wide variety of multi-targeted phytochemicals such as

curcumin, genistein, berberine, resveratrol, quercetin, boswellic acid,

epigallocatechin gallate (EGCG), garcinol, piperine, tocotrienol, hono-

kiol, capsaicin, betulinic acid, apigenin, withaferin, and diosgenin has

been extensively investigated. Based on the chemical structure,

dietary phytochemicals are classified into alkaloids, polyphenols,

carotenoids, and nitrogen compounds.2 Among the many phytochemi-

cals, polyphenols are reported to contain several bioactive molecules,

which are further classified into phenolic acids, flavonoids, stilbenes,

coumarins, and lignans. From them, stilbenes, particularly trans-res-

veratrol, have gained greater attention due to its wide distribution in

the plant kingdom and a broad range of pharmacological activities

with multiple signaling pathways and many different targets.
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The incidence of “French Paradox” demonstrated that consumption of

red wine decreases the incidence of cardiovascular diseases despite the

intake of a high-fat diet.3 After this highly publicized “French paradox,”
resveratrol has gained increased popularity in the scientific community,

leading to numerous publications on the investigation of its biological

activities. In a study by Soleas et al, the anticarcinogenic properties of four

polyphenols were compared. Polyphenols such as catechin, quercetin, gal-

lic acid, and trans-resveratrol were administered to the mouse twice a

week for 18 weeks.4 The percentage of tumor inhibition and the number

of mice developing one or more tumors were compared among different

polyphenols. It was observed that the administration of trans-resveratrol

showed much higher absorption compared to catechin and quercetin.

Absorption of trans-resveratrol is approximately 20-fold more effective

than catechin.5 By considering the concentration of polyphenols in their

respective dietary sources, it was concluded that trans-resveratrol is the

most effective anticancer polyphenol available in red wine.4

Resveratrol (3, 5, 40-trihydroxystilbene, a phytoalexin), a natural

polyphenol, is found in a wide variety of plants, such as peanuts, blue-

berries, cranberries, legumes, rhubarb, grapes, eucalyptus, and various

grasses. Although resveratrol is naturally occurring, it can only be iso-

lated in a few milligram quantities per kilogram of the plant material, for

example, grape skin. Therefore, resveratrol has been chemically synthe-

sized in its purest form for biological use. It has a wide variety of phar-

macological activities such as cardioprotection, platelet de-aggregation,

antioxidant, anti-inflammatory, and vasorelaxant properties.6 It also

shows antiviral activity against human immunodeficiency virus and the

herpes simplex virus,7,8 and enhances the antiviral activity of zidovudine,

zalcitabine, and didanosine.9 One of the main biological activities of res-

veratrol is that it exhibits anticancer activities against various cancers,

which was first reported by Jang et al in the year 1997.10

According to a report from the World Health Organization

(WHO), cancer is the second leading cause of death worldwide,

accounting for nearly 9.6 million deaths in the year 2018.11 Naturally

occurring polyphenols have been used both as an adjunct therapy and

chemopreventive dietary supplement for decades. In addition, the

anticancer activity of resveratrol is reported to be enhanced when

used as combination therapy with other chemotherapeutic drugs.12-14

Several studies have reported the antiproliferative effects of resvera-

trol in vitro, but the literature is lacking in correlating these results in

animal models to enable human application. The low aqueous solubil-

ity, chemical instability, and poor absorption across biological mem-

branes limit resveratrol's usage as a chemopreventive or therapeutic

agent. Although resveratrol is currently marketed in various traditional

dosage forms (tablets, capsules, and powders), there is a lack of suffi-

cient data on its efficacy against cancer prevention and treatment.15

To overcome these limitations, nanoparticle-based formulations have

been developed for enhanced absorption and to deliver the optimal

concentrations of resveratrol to the tumor target tissue. The novel

nano-formulations for resveratrol delivery include polymeric

nanoparticles, liposomes, micelles, metallic nanoparticles, and solid

lipid nanoparticles. These systems increase water solubility, stability,

and permeation across biological membranes and provide enhanced

permeation and retention effect (EPR) in the tumor sites.16 The pre-

sent review attempts to gather comprehensive information on the

nanomedicine approach in treating a larger body of cancers. Various

challenges in the formulation and delivery of resveratrol and the

in vitro and in vivo effects of nanoformulation on each cancer type

are presented. Figure 1 shows a rapidly growing trend of resveratrol

nanoformulations in cancer for the past decade, showing hundreds of

publications in the scientific literature.

2 | PHYSICOCHEMICAL PROPERTIES AND
PHARMACOKINETICS OF RESVERATROL

Resveratrol has a molecular weight of 228.25 g/mol and a melting

point of 254�C. It is a creamy white powder, a hydrophobic compound

with a log PO/W = 3.1,17 and low aqueous solubility of 30 μg/mL.18 Res-

veratrol demonstrates a solubility-limited absorption across biological

membranes, and hence it is categorized as a “Class II” compound

according to the Biopharmaceutical Classification System. A double

bond linking two phenolic rings in the resveratrol structure facilitates

the formation of trans- and cis-isomers, among which the trans-isomer

is the most stable form.19 The trans- and cis-isomers exhibit differences

in the spectrophotometric UV absorption levels, enabling their identifi-

cation, and these can be distinguished clearly in nuclear magnetic reso-

nance spectroscopy due to their chemical shifts. Trans-resveratrol is

more biologically active and is converted to the cis-isomeric form upon

exposure to UV light.20,21 The trans-resveratrol is stable for months

when protected from light in a wide pH range.21 The pKa of trans-

resveratrol corresponding to 1, 2, and 3 phenolic groups are 8.99, 9.63,

and 10.64, respectively.22 Based on the stable nature and biological

activity, when the structure of resveratrol is not specified, the com-

pound is generally referred to as trans-resveratrol.

Despite its chemopreventive properties, resveratrol poses various

pharmacokinetic challenges due to its low bioavailability and chemical

instability. Following oral administration, resveratrol is well absorbed

(�75%) by the intestinal epithelium through passive diffusion. How-

ever, it is extensively metabolized in the intestine and liver

(glucuronidation and sulfate conjugation) to form metabolites such as

trans-resveratrol-3-O-glucuronide and trans-resveratrol-3-sulfate,

respectively.23 It can also be found as free resveratrol forming

F IGURE 1 Number of publications in the past decade retrieved
using the search terms “Resveratrol”, “nano”, and “cancer” used
together from Web of Science (accessed on 10th December 2020)
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complexes with the low-density lipoproteins, plasma proteins such as

albumin, thus leaving only trace amounts of free resveratrol in the sys-

temic circulation.24 It was found that the order of abundance of res-

veratrol metabolites in the systemic circulation is glucuronides,

followed by sulfates, followed by the free resveratrol.25 Thus, resvera-

trol has a very short plasma half-life of only 8 to 14 minutes,26 and

reaches peak plasma concentrations at 1 hour (following ingestion)

and 6 hours (following enteric recirculation of resveratrol metabo-

lites).27 The most significant route of excretion is via urine or feces.

However, the excretion of sulfates through urine is higher (84%) than

glucuronides and free resveratrol (trace amounts to 17%).28 In addi-

tion, resveratrol, and its metabolites are also found in feces, where

only small quantities of sulfates (<1%) are excreted via feces.28 Fol-

lowing intravenous administration of resveratrol, the terminal elimina-

tion half-life ranges between 7.8 and 35 minutes.29 In a study by

Walle et al (2004), following the intravenous administration of the low

dose of 14C-labelled resveratrol, high absorption rate followed by a

rapid decline in the peak plasma concentration after 1 hour indicates

that the distribution is rapid and only trace amounts of resveratrol

enter the enterohepatic circulation. The calculated t1/2 after oral and i.

v administration is 9.2 and 11.4 hours, respectively,28 indicating the

superiority of i.v compared to oral administration in overcoming some

of the limitations. However, elimination rate and clearance are still

faster due to the metabolic instability favoring the conjugation of res-

veratrol with either glucuronic and/or sulfonic acid.30 This rapid meta-

bolization impairs the anticancer efficacy of resveratrol, which could

be addressed by developing various nanoformulations with sustained

and site-specific resveratrol delivery.

3 | NANOTECHNOLOGY FOR DELIVERY
OF RESVERATROL

One of the main drawbacks of current cancer therapy is the lack

of targeted delivery to the cancer tissue. Due to the high toxicity of con-

ventional chemotherapeutic agents and poor drug delivery,

nanomedicines have emerged as a novel tool to improve cancer

treatment. Based on the drug's physicochemical properties, nano-

formulations with improved stability, greater circulation half-lives,

enhanced intratumor deposition, and controlled release can be

achieved.31-33 These properties can be optimized to improve antitumor

activity and reduce toxicity to nontarget, healthy tissues.34,35 Further-

more, imaging probes can be included in the nanoparticles so that the

side effects of drugs can be predicted in certain patients by providing

data on potential nontarget accumulation sites in healthy tissue.36

Nanomedicines are generally defined as particles that are com-

plex systems consisting of at least two components, one of which is

the active ingredient. These nanomedicines typically have particles

around 100 to 200 nm nanometers in size and are associated with

other pharmaceutical ingredients for stabilizing the formulation or

altering the pharmacokinetics (ADME—absorption, distribution,

metabolism, and elimination) and improving the drug delivery to the

tumor sites.37,38 Targeted drug delivery or active targeting describes

the specific interaction between the drug carrier and target cells, usu-

ally through specific ligand-receptor interactions,39 that generally

facilitate the intracellular uptake of nanoparticles. The efficiency of

ligand-receptor binding depends on various factors such as its avail-

ability, selective expression of receptor on the target cells, and shed-

ding of the receptor following ligand binding.36,40,41 Despite very low

bioavailability, considering its therapeutic benefits, resveratrol is avail-

able as a dietary supplement in the form of oral dose products such as

tablets, capsules, and powders. Nanomedicines have been used to

improve bioavailability, reduce metabolism, and improve the delivery

of resveratrol.9,42-44 In addition, they offer advantages such as

enhanced tumor targeting, improved solubility, and chemical stability

for resveratrol.45 A wide range of nanomaterials has been employed

in the development of resveratrol cancer therapeutics such as lipids,

synthetic polymers, glycan, and proteins. Figure 2 shows various res-

veratrol nanocarrier systems for cancer treatment. Different biocom-

patible and biodegradable polymers can be utilized in the preparation

of nanoparticles. In general, these nanoparticles are coated with poly-

ethylene glycol (PEG) on their surface, a process called as PEGylation.

The PEGylated particles remain in the circulation for extended

periods, resist biotransformation reactions, and selectively accumulate

in the tumors through the EPR effect.46 This higher accumulation in

tumor tissues and lower retention in healthy tissues lead to better

efficacy with minimal side effects.47 More recently, with the help of

surface engineering, nanoparticles are conjugated with various

targeting ligands such as peptides, antibodies, and aptamers, which

allow to reach the targeted tumor directly and release the payload for

enhanced efficacy and reduced toxicity.46

Liposomes are spherical vesicles containing an aqueous core and

phospholipid bilayer and can be differentiated into small unilamellar,

giant unilamellar, large unilamellar, and multilamellar based on their

size and the number of bilayers.48 They can incorporate hydrophilic

drugs in the aqueous core and lipophilic drugs in the phospholipid

bilayer. Moreover, liposomes can provide protection against

photodegradation for various drugs and biochemicals. For example,

trans-resveratrol encapsulated in liposomes remained intact (70%

retained) for 16 minutes when exposed to UV light compared to the

free drug (10% retained).49 Polymeric nanoparticles are another type

of drug delivery system where the drug is either conjugated or dis-

persed within the polymer matrix, protects the drug from degradation,

provides a sustained release, and improves bioavailability.50 However,

another carrier system referred to as solid lipid nanoparticles (SLNs)

provides combined benefits of both polymeric nanoparticles and lipid

emulsions. They are the spherical vesicles containing lipid core sur-

rounded by hydrophilic surfaces. Generally, hydrophobic drugs such

as resveratrol can be easily incorporated into the lipid core.51 SLNs

have been reported to be superior to liposomes in increasing the

chemical stability of resveratrol. It is found to protect against oxida-

tion, hydrolysis, and photodegradation while enhancing the bioavail-

ability of resveratrol.52 In addition, surface properties can be altered

to modify the uptake. In a study by Teskac et al (2010), cellular

uptake, transport, and internalization of resveratrol-loaded SLN were

investigated, which showed that the particles crossed the cell

ANNAJI ET AL. 3 of 21



membrane in less than 15 minutes.52 Another type of nanocarrier sys-

tem is cyclodextrins (CD), which are cyclic oligosaccharides containing

lipophilic core and hydrophilic surface. They are typically between

1 and 2 nm and form inclusion complexes with the drugs and can

enhance the solubility, bioavailability, and stability of the drug.53 In a

study by Venuti et al (2014), resveratrol sulfobutylether β-CD complex

(1:1) showed increased solubility and cytotoxicity compared to the

cyclodextrin without resveratrol, which showed no effect on cell

viability.54

Based on the targeting principle, nanotherapeutics are classified

into passive targeting, active targeting, stimuli-responsive systems,

and theranostics. Both active and passive targeting strategies are used

to improve the targeting of anticancer drugs. However, distribution is

dependent on the physicochemical properties of a drug and is limited

by its penetration into the tumor tissue.55,56 Particles that have long-

circulation half-lives and remain in the systemic circulation for

extended periods of time have been able to exploit the EPR effect

and accumulate passively.57,58 However, optimal activity is dependent

on the stability of drugs within the nanoparticle, drug-carrier release

kinetics, tumor vascular extravasation, and uniform intra-tumor distri-

bution. Active targeting strategies have been employed to improve

intracellular uptake and better control targeting to specific cell

populations. In contrast, stimuli sensitive nanomedicines can be

designed to release the drug upon a trigger, for example, drugs such

as doxorubicin, for which delivery is not pH-sensitive, can be conju-

gated with a pH-sensitive nanomedicine in order to increase the cellu-

lar uptake and intracellular drug release.59 These nanomedicines also

decrease tumor resistance to anticancer drugs, thus mediating the

stimuli-responsive drug release and endocytic drug uptake.60,61 In the

below sections, we will discuss resveratrol delivery systems for vari-

ous cancer types.

4 | ANTICANCER ACTIVITY OF
RESVERATROL NANOFORMULATIONS

Chemoprevention is defined as a reduction or prevention of cancer

risk by ingestion of either synthetic or natural compounds with low

toxicity that is able to suppress, delay, or reverse carcinogenesis.62

Resveratrol has been found to possess many chemoprevention and

chemotherapeutic properties.63,64 Resveratrol acts by various cell-

signaling pathways such as cell cycle arrest, suppression of cell prolifera-

tion, induction of apoptosis, reduction of inflammation, and inhibition of

adhesion, invasion, and metastasis.65-67 Resveratrol's mechanism of

action has been widely studied through in vitro,68 and in vivo experi-

ments.63,69 It has been well reported that resveratrol's antitumor activity

is due to multiple mechanisms, including proapoptotic, antiproliferative,

anti-inflammatory, and antiangiogenesis. For example, in stem-like cells

derived from breast cancer cells, resveratrol induces apoptosis by down-

regulating fatty acid synthase and enhancing proapoptotic genes such as

DAPK2 and BNIP3.70 Mechanism of action in in vivo studies is much

more complicated, where resveratrol has been shown to affect a number

of molecular targets based on formulation, cancer type, stage of the dis-

ease, dose, and duration of resveratrol present at the target site of

action.71

Both reactive oxygen species (ROS) and reactive oxygen metabo-

lites (ROM) are involved in the generation of oxidative stress

in vivo.72,73 Physiological levels of ROS are essential for transcrip-

tional and posttranscriptional cell signaling.74 However, excessive pro-

duction and accumulation of ROS may induce the modification of

cellular proteins and nucleic acids with deleterious effects such as

DNA damage, inflammation, and promotion of tumor growth.75 Evi-

dence suggests that resveratrol serves as a free radical scavenger

because of its ability to promote the activity of various antioxidative

F IGURE 2 Different types of resveratrol-loaded nanoparticles for cancer prevention and therapy
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TABLE 1 Co-delivery of resveratrol nano-formulations with various chemotherapy drugs

Nanocarrier system

Co-delivery drug

combination Cancer Important findings

Pegylated nanoliposomes80 Resveratrol and

5-fluorouracil

Head and neck squamous

cell carcinoma

Co-encapsulation of drugs showed different

effects on different genes and enhanced the

cytotoxicity in comparison to free drug drugs

Shell crosslinked zein

nanocapsules12
Exemestane and

resveratrol

Breast cancer Nanocapsules enhanced the cytotoxicity against

MCF-7 and 4 T1 breast cancer cells and

reduced the tumor volume by 2.4-fold

compared to the free drug combination

Folic acid conjugated

nanoparticles13
Resveratrol and

docetaxel

Prostate cancer Nanoparticles downregulated the expression of

NF-kB p65, cox-2, and antiapoptotic genes

and exhibited additional cytotoxic effects with

the downregulation of survivin and

upregulation of cleaved caspase-3

Co-encapsulated liposomes81 Resveratrol and paclitaxel Breast cancer Composite liposomes showed improved

cytotoxicity against drug-resistant MCF-7/Adr

tumor cells in vitro and enhanced the tumor

retention of drugs in vivo.

Alginate nanoparticles82 Curcumin and resveratrol Prostate cancer Curcumin was found to have good cellular

uptake from both the solution as well as

nanoparticles. Whereas resveratrol showed

poor cellular uptake.

Epidermal growth factor

conjugated lipid-polymer

hybrid nanoparticles14

Docetaxel and resveratrol Non-small cell lung

cancer

Nanoparticle co-delivery system showed

significant synergistic effect and tumor growth

inhibition with lowest systemic toxicity for

both in vitro and in vivo studies.

Solid lipid nanoparticles83 Curcumin and resveratrol

as a complex with

gelucire

Colon cancer Curcumin-resveratrol-gelucire (CRG) complex

showed better IC50 value than CRG-

cyclodextrin complex

Phytosomal bilayer enveloped

casein micelles84
Monascus yellow

pigments and

resveratrol

Breast cancer Multireservoir nanocarrier system showed

superior cell cytotoxicity, reduction of tumor

volume, and inhibition of tumor growth

biomarkers

Lactobionic/folate dual-

targeted amphiphilc

maltodextrin-based

micelles85

Sulfasalazine and

resveratrol

Liver cancer The dual-targeted micelles showed enhanced

cytotoxicity and internalization, reduced liver/

body weight ratio, inhibition of angiogenesis,

and enhanced apoptosis

Polymeric nanocarriers86 Resveratrol and

docetaxel

Breast cancer Polymeric micelles exhibited prolonged release

profiles and improved anticancer effect

compared to individual drugs in vitro

Polymeric micelles87 Resveratrol and curcumin

co-administered with

doxorubicin

Ovarian cancer Coadministration mitigated the doxorubicin

induced cardiotoxicity by reduction of

apoptosis and ROS and improved the potency

of doxorubicin in ovarian cancer cells

Novel peptide-cationic

liposomal nanocarrier88
Resveratrol and P53 gene Cervical cancer and

breast cancer

Co-delivery system showed greater tumor

inhibition and apoptosis-inducing activity than

resveratrol liposomes or p53 gene liposomes

Ultradeformable liposomes89 Resveratrol and

5-fluorouracil

Non-melanoma skin

cancer

Co-encapsulation in ultra-deformable liposomes

showed higher anticancer activity and

enhanced accumulation in the deeper skin

layers compared to both the free drugs and

single entrapped agents

Cyclodextrin nanosponge

based hydrogel90
Resveratrol and curcumin Breast cancer Drug loaded nanosponges showed enhanced in

vitro release of curcumin and resveratrol by 10

and 2.5-fold respectively and higher

cytotoxicity compared to free drug

(Continues)
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enzymes.76 It has the potential to inhibit lipid peroxidation (induced

by Fenton reaction), decrease the oxidative chain complex, scavenger

of ROS, and other free radicals.75 Estimation of lipid peroxidases is an

indicator of free radical damage to cells. The ortho-diphenoxyl func-

tionality of resveratrol provides antioxidative activity against ROS-

induced lipid peroxidation.77,78 Resveratrol is involved in inhibiting

lipid peroxidation at various stages of lipid metabolism, such as initia-

tion, propagation, and termination reactions.78,79 At the initiation

stage, resveratrol prevents the formation of peroxy radicals, and at

the termination stage, it decreases the formation of conjugated

alkenes by suppressing glutathione's action peroxidase.

A large number of studies reported that resveratrol affects tumor

cells both in vitro and in vivo, at all stages of carcinogenesis (tumor

initiation, promotion, and progression). The following sections will

focus on the anticancer activity of resveratrol nanoformulations

against skin, prostate, breast, lung, colon, liver, and ovarian cancers.

Table 1 summarizes different types of resveratrol-loaded nanocarrier

systems for cancer therapy, and Table 2 summarizes the various molec-

ular targets and signaling pathways of resveratrol nanoformulations in

different types of cancers.

4.1 | Skin cancer

Among all human malignancies, skin cancer is the most common

form,112 accounting for more than three million cases every year in

the United States alone.113 The development of skin cancer is related

to two main factors, ultraviolet B (UVB) radiation exposure and

nuclear factor kappa B (NFkB). Resveratrol, due to its antioxidant

properties, can block the damage caused by UVB exposure, thus

inhibiting UVB-induced lipid peroxidase or blocking UV-mediated acti-

vation of NFkB.10 Tyrosinase is an essential enzyme for melanin

production. Inhibiting this enzyme activity was found to be very effec-

tive in controlling melanoma cell growth.112 Application of resveratrol,

both before and after the UVB exposure drastically reduced the skin

damage and decreased skin cancer incidence.114 It is able to reduce

tyrosinase activity by 30 to 45%.115 Resveratrol also inhibits tumor

progression by suppressing the growth of various cancer cell types by

inhibiting DNA polymerase, deoxy-ribonucleotide synthesis, and

inducing cell cycle arrest.116

4.1.1 | In vitro studies

In a study by Rigon et al (2016), in vitro biological activity of trans-

resveratrol loaded SLNs was evaluated in various skin disorders.

Resveratrol-loaded SLNs showed a mean particle size less than

200 nm, zeta potential of �3 mV, and permeated 45% of resveratrol

after 24 hours. The nanoparticles also achieved tyrosinase inhibitory

activity, greater than or equal to that of the positive control, kojic acid,

and proved to be nontoxic in HaCat keratinocytes.112 In another

study, resveratrol-loaded nanostructured lipid carriers (NLCs) were

prepared with two different lipids, glyceryl behenate (more hydropho-

bic) and polyoxyethylene 40 (PEG 40) stearate. PEG-40 stearate

based NLCs showed smaller particle size and polydispersity index

(PDI) and higher encapsulation efficiency compared to glyceryl

behenate. In addition, both the formulations showed very less release

due to the crystalline nature of the lipid matrix. It was also reported

that resveratrol cytotoxicity against the L-929 fibroblast cell line did

not increase when loaded into NLCs. Interestingly, resveratrol formu-

lation prepared with PEG-40 stearate showed 1.31 and 1.83 times

higher inhibition of tyrosinase than resveratrol solution and formula-

tion containing glyceryl behenate, respectively.117 In a similar study,

glyceryl dibehenate based SLNs were formulated, which showed a

TABLE 1 (Continued)

Nanocarrier system

Co-delivery drug

combination Cancer Important findings

Mesoporous silica

nanoparticles91
Anti-miR21 and

resveratrol

Colon cancer The nanoparticles containing hyaluronic acid/

resveratrol and antimiR21 showed 3-fold

higher tumor regression effect compared to

free resveratrol and 2-fold higher tumor

regression compared to resveratrol-miR21

nanoparticles

Self-microemulsifying

system92

Curcumin and resveratrol Colon cancer Co-formulation showed greater antioxidant

activity and lower cytotoxicity than the

formulation with individual compounds

Lyotropic liquid crystalline

nanoparticles93
Resveratrol and

pemetrexed

Non-small cell lung

cancer

The nanoparticles showed superior cytotoxicity

profile with enhanced cellular uptake and

tumor growth inhibition via inhibition of

angiogenesis and induction of apoptosis

Polymeric micelles94 Co-delivery of quercetin/

resveratrol and

resveratrol/curcumin

Ovarian cancer Micellar formulations of resveratrol and curcumin

co-administered with Adriamycin showed

significant tumor reduction and thus capable

of mitigating Adriamycin induced

cardiotoxicity
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TABLE 2 Various cellular effects and molecular targets of resveratrol nanoformulations involved in carcinogenesis

Cancer Molecular targets Cellular effects Cell line Reference

Skin cancer G1/S arrest. Downregulation of

Bcl-2, Bcl-xL proteins

Inhibition of NF-kB signaling

pathway

SK-Mel-28 and Colo-38 89

S-phase arrest and decrease in

G2/M phase

Inhibition of cell division A375 95

Avoid metastasis and pulmonary

hemorrhage

Increased necrotic area and

inflammatory infiltrate of

melanoma tumor

B16F10 96

Breast cancer Downregulation of MMP-9, COX-2,

NF-kB protein

Inactivation of PI3K/AKt and

ERK1/2 and activation of HO-1

signaling cascade

MCF-7 97

G0/G1 arrest, upregulation of Bax

and downregulation of cyclin D1,

c-Myc, and Bcl-2/Bax ratio

Induction of apoptosis and Wnt

signaling pathway

MDA-MB-231 98

Downregulation of BCL-xl, MMP-9

and HER-2. Cell cycle arrest at

G2/M phase

Induction of apoptosis and inhibition

of HRG-β1 signaling pathway

T47D and MCF-7 99

Suppression of VEGF, CD-1,

aromatase, NF-kB, and elevation

of caspase-3

Induction of apoptosis, reduction of

cell proliferation, and inhibition of

PI3K/Akt pathway

MCF-7 84

Prostate cancer Reduced expression of Akt protein Inhibition of microRNA21/Akt

signaling pathway

DU-145, PC3, LNCaP 50

Downregulation of NF-kB, p65,

COX-2, BCL-2, BCL-XL, survivin,

and upregulation of caspase-3,

BAX, BAK

Inhibition of NF-kB pathway PC3, C4-2B, and LNCaP 13

Cell cycle arrest at G1-S transition

phase and upregulation of

caspase-3

Induction of apoptosis LNCaP 100

Increased expression of P53.

Reduced expression of MMP-2

and MMP-9 and controls

angiogenesis

Induction of apoptosis DU145 82

Downregulation of Bcl-2 expression Induction of apoptosis PC-3 101

Downregulation of p-Akt, cyclin D1,

and m-TOR proteins

Induction of apoptosis and inhibition

of AR/mTOR signaling pathway

PTEN-CaP8 102

Colon cancer Decreased expression of

intracellular apoptotic protein I

(cIAP1)

Inhibition of NF-kB signaling

pathway

HT-29 and LS147T 103

Downregulation of cyclin D1 Induction of apoptosis and cell

necrosis PI3K/PTEN/Akt pathway

BGC823 and SGC-7901 91

Downregulation of NF-kB and IL-6 Induction of apoptosis RAW 264.7 and Caco-2 104

Dose-dependent increase in

caspase-3 and PARP

Induction of apoptosis through

activation of P53

CT26 105

Liver cancer Modulates NO/NOS by upregulating

the NO production and NOS

activity

Induction of apoptosis and inhibition

of PI3K/Akt signaling pathway

SMMC 7721 and L02 106

Lung cancer Upregulation of Bax, p53, p21,

caspase-3 and downregulation of

Bcl-2 and NF-kB proteins

Induction of apoptosis and cell cycle

arrest in G0/G1 phase

NCI-H460 107

Upregulation of caspase-9 and

caspase-3

Induction of apoptosis in both non-

resistant and resistant cancer cells

via mitochondria-dependent

signaling pathway

A549 108

Increased intracellular ROS

generation and DNA damage

Activation of p53 dependent

apoptotic cascade

NCI-H460 109

(Continues)
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mean particle diameter of 180 nm, PDI of 0.3, and zeta potential of

-38 mV suggesting good physical stability of nanoparticles. Moreover,

these nanoparticles delivered resveratrol in a biphasic pattern with

about 40% rapid release (drug inside the shell) followed by a sustained

release (drug inside the lipid matrix). In addition, these nanoparticles

expressed the cytostatic effects with a large drop of the G2/M phase

and the cell cycle arrest at s-phase. These drug-encapsulated SLNs

showed higher solubility, stability, and greater cytotoxic effects com-

pared to the solution indicating their effectiveness as a nanocarrier

system.52 In another study, different nanocarrier systems such as lipo-

somes, polymeric lipid-core nanocapsules, and nanospheres were

developed for E-resveratrol. The degree of photostability of these

nanocarriers was compared with the ethanolic solution of E-resvera-

trol. The nanostructures were capable of enhancing the E-resveratrol

chemical photostability. The lipid-core nanocapsules (LCN) and NLC

had the same isomerization rate. However, liposomes are the particles

that have highly protected E-resveratrol from photoisomerization but

have poor physical stability, resulting in a bimodal size distribution

profile. LCNs and NLCs presented similar penetration profiles under

dark conditions. When exposed to ultraviolet A (UVA) radiation,

nanocarriers led to higher concentrations of E-resveratrol in the total

epidermis, confirming the skin targeting effect of these

nanocarriers.118 Based on the analysis, it is important to consider the

nanocarriers, which can prevent the degradation of photosensitive

drugs. Liposomes were found to provide the highest photostability

(only 29.3% isomerization) among all the nanocarriers tested. How-

ever, resveratrol-loaded liposomes were found to be unstable after

8 hours of UV exposure. Therefore, it was essential to store

resveratrol-loaded liposome formulations away from light. Similarly,

Freidrich et al (2015) formulated sorbitan monostearate-based lipid-

core nanocapsules containing both resveratrol and curcumin. This for-

mulation did not show any cell toxicity to dermal fibroblasts. The

uptake of nanocapsules within 24 hours into the skin suggests this

delivery system would be appropriate for topical delivery. In vitro drug

release profile showed a faster release of resveratrol than curcumin.

Increased penetration into deeper skin layers was observed with

co-delivery compared to the individual drug encapsulation. It was

speculated that the lipophilicity of curcumin facilitated the enhanced

delivery of resveratrol across the skin.119 Similarly, Cosco et al (2015)

studied the ultra-deformable (elastic) liposomes loaded with resvera-

trol and 5-fluorouracil (5-FU) for the treatment of nonmelanoma skin

cancer. The epidermal levels of drugs were significantly higher for the

drugs encapsulated within liposome as compared to the controls.

These co-drug loaded liposomes showed improved antitumor activity

for both drugs based on cytotoxicity, cell-cycle arrest, and apoptosis

assays. This is due to the accumulation of liposomes in deeper skin

layers, generating a cutaneous depot from which both the drugs are

gradually released. Moreover, resveratrol increased the antip-

roliferative potential of 5-FU in Colo-38 skin cells. Therefore, co-

encapsulation of 5-FU and resveratrol in ultra-deformable liposomes

could be beneficial for the treatment of squamous cell carcinoma,

namely actinic keratosis and Bowen's disease. However, a major

drawback is the limited drug loading capacity of co-encapsulated lipo-

somes. The liposomes can only accommodate a limited amount of

drug in the phospholipid bilayer without affecting its structural integ-

rity. Moreover, liposomes have a very short half-life and require cold

temperatures for storage. Therefore, it is important to consider these

limitations before utilizing them as drug delivery carriers.89 In another

study, resveratrol-coated hollow gold nanoparticles were prepared for

improved photothermal performance and cytotoxicity against mela-

noma cancer. The nanoparticles could block cell cycle to inhibit cell

division and lead to cell apoptosis after 808-nm laser irradiation in

A375 melanoma cells. The nanoparticles were surfactant-free and

hence avoid separation procedures for the surfactant, and surface

modification processes that are necessary for most theranostics

materials.95

4.1.2 | In vivo studies

The potential of resveratrol in the chemoprevention and treatment of

melanoma and other skin cancers was evaluated by some in vivo

TABLE 2 (Continued)

Cancer Molecular targets Cellular effects Cell line Reference

Upregulation of caspase-3 and

reduced expression of Ki-67 and

VEGF

Induction of apoptosis and inhibition

of angiogenesis

A549 93

Ovarian cancer Dose-dependent induction of

apoptosis and activation of

caspase-3

Apoptosis inducing factor (AIF)

apoptosis pathway

SKOV3 110

Increased expression of caspase-3 Induction of apoptosis ES2-luc, A2780 94

Upregulation of Bax, caspase-9, and

downregulation of Bcl-2

Induction of apoptosis via ROS

generation and targeting through

mitochondria mediated pathway

PA1 111

Abbreviations: COX-2, Cyclooxygenase-2; ERK1/2, extracellular signal regulated kinases; HER-2, human epidermal growth factor receptor 2; HERG-β1,
heregulin-beta 1; HO-1, hemeoxygenase-1; MAPK, mitogen-activated protein kinases; MMP-9, matrix metalloproteinase-9; mTOR, mammalian target of

rapamycin; NF-kB, nuclear factor kappa; NO, nitric oxide; NOS, nitric oxide synthase; PARP, Poly(ADP-ribose) polymerase; PI3K/Akt, Phosphatidlyinositol-

3kinase; ROS, reactive oxygen species; VEGF, vascular endothelial growth factor.
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studies. Jang et al (1997) first reported the chemopreventive role of

resveratrol in skin cancer in mice treated with a carcinogen.10 In

SKH-1 hairless mice, topically applied resveratrol showed greater inhi-

bition of UVB mediated skin inflammation, induction of cyclooxygen-

ase and ornithine decarboxylase, and generation of hydrogen peroxide

in the skin.120 Similarly, resveratrol's anticancer activity against multiple

UVB exposures and the involvement of survivin was studied in SKH-1

hairless mouse skin. It was found that topical pretreatment of resvera-

trol resulted in inhibition of UVB exposure mediated cell proliferation

and phosphorylation of survivin.121 In a study by Carletto et al (2016),

resveratrol-loaded poly (caprolactone) nanocapsules were formulated

for improved antitumor activity in melanoma cancer. All the

nanoformulations showed particle size lower than 150 nm, PDI < 0.2,

negative zeta potential, and high encapsulation efficiency due to a

greater affinity of resveratrol to the oil core. Nanoencapsulation also

leads to drug amorphization and improved resveratrol solubility. The

nanoencapsulated resveratrol significantly reduced cell viability of

B16F10 melanoma cells vs free resveratrol. In a mouse model bearing

B16F10 melanoma tumors, the nanoformulation showed decreased

tumor volume, increased necrotic area, and inflammatory infiltrate of

melanoma and thus prevented metastasis and pulmonary hemorrhage

compared to the free resveratrol. Due to the incorporation of hydro-

phobic polymer such as PCL, the rate of biodegradation was slow com-

pared to other protein-based polymers. Moreover, the nanocapsules

are not surface-functionalized and rather taken up by the cells by either

clathrin-mediated endocytosis or macro-pinocytosis.96

4.2 | Breast cancer

Breast cancer represents the second leading cause of cancer death in

females after lung cancer.122 Both metastasis and invasion are two

main properties of breast cancer cells, involving several biological pro-

cesses such as adhesion, proliferation, and degradation of the base-

ment membrane.123-125 Resveratrol plays a vital role in the prevention

and tumor suppression at all stages (initiation, promotion, and progres-

sion) of breast carcinogenesis.126 Both its antioxidant and anti-

inflammatory properties contribute significantly to inducing apoptosis

and cell cycle arrest in the development of breast cancer.126 Resveratrol

also has estrogenic activity, which can function as an estrogen receptor

(ER) α agonist or antagonistic ligand at very low concentrations.127,128 It

inhibits the growth, proliferation, invasion, and metastasis by down-

regulating molecular targets such as matrix metalloproteinase 9 (MMP-

9), cyclooxygenase-2 (Cox-2), apoptotic protein1 (AP-1), and NFkB in

various breast cancer cell lines.129,130 It has also been shown to induce

tumor suppression and increase apoptotic index in ERα − ERβ + MDA-

MB-231 tumors.131

4.2.1 | In vitro studies

Vergaro et al (2012) studied the effect of resveratrol-loaded halloysite

clay nanotubes on MCF-7 human breast cancer cell lines. The

nanotubes were saturated with resveratrol to obtain a delivery system

with high encapsulation efficiency. It was found that resveratrol

induced downregulation of protein cyclin D1 and decreased phos-

phorylation of two kinases such as protein kinase B and glycogen

synthase 3b, which are potentially involved in the regulation of cyclin

D1. Resveratrol-loaded clay nanotubes controlled the release up to

48 hours by using a layer-by-layer polyelectrolyte multilayer coating,

which strongly increased cell cytotoxicity leading to apoptosis.132 Park

et al (2016) demonstrated the effect of gold-conjugated resveratrol

nanoparticles on breast cancer metastasis. These nanoparticles

showed better anti-invasive activity as compared to free resveratrol.

The inhibitory activity of these nanoparticles on MMP-9, COX-2,

NFkB, and AP1 was stronger than that of the free resveratrol. The

anti-invasive effect of resveratrol-loaded gold nanoparticles in

response to TPA stimulation is mediated by the downregulation of

MMP-9, COX-2, NFkB, AP1, ERK, and activation of signaling cas-

cade.97 In another study, Wang et al (2017) studied the effect of

resveratrol-loaded SLNs on the MDA-MB-231 breast cancer cell line.

The nanoparticles were prepared with stearic acid using emulsification

and low-temperature solidification method, which had a desirable size

(below 200 nm) and zeta-potential (−25 mV) with remarkable stability

for resveratrol delivery to the breast cancer cells. These nanoparticles

significantly increased Bax, decreased the levels of Bcl-2, cyclin D1,

and c-Myc. The nanoparticles showed superior results to free resvera-

trol in inducing cancer cell apoptosis and death.98 Recently, a co-

delivery system of resveratrol and Herceptin was reported to improve

the cytotoxic profile of Herceptin on the T47D (HER-2 receptor-

positive breast cancer cell line) and MCF-7 (HER-2 receptor-negative

breast cancer cell line). It was found that combining Herceptin with

resveratrol significantly reduced the expression of the HER-2 recep-

tor. Moreover, cell cycle was arrested at the G2/M phase for both the

cell lines.99 In another study, cyclodextrin nanosponge based hydrogel

loaded with curcumin and resveratrol was developed. The

nanosponges enhanced the release of curcumin and resveratrol by

10- and 2.5-fold, respectively, compared to free drugs. Moreover, the

drug-loaded nanosponge showed a synergistic cytotoxic effect with a

combination index value of 0.29 in MCF-7 cells. The nanosponges in a

carbopol based hydrogel formulation showed a significant enhance-

ment in photostability and permeation for both curcumin and resvera-

trol compared to the hydrogel without cyclodextrin based

nanosponges. Despite the advantages of cyclodextrin nanosponges in

enhancing the aqueous solubility and photostability, their application

is limited in cancer therapy due to its potential nephrotoxicity, lack of

targeting ability, potential to alter the pharmacokinetics of drug when

rapid dissociation does not occur. Therefore, it is important to over-

come these limitations in order to potentiate its chemotherapeutic

effects.90 In another study, a peptide-cationic lipid (CD014) based

liposome formulation for co-delivering resveratrol and p53 gene was

prepared. The antitumor effects of the co-delivery formulation against

Hela and MCF-7 cells were investigated. The highest transfection effi-

ciency was reported when the lipid/pDNA (N/P) weight ratio was 3/

1, and Hela cells had a higher transfection efficiency than MCF-7 cells.

Cytotoxicity assay showed that the co-delivery system of resveratrol
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and p53 had more significant inhibition on Hela cells and MCF-7 cells

than the blank liposomes and resveratrol liposomes, whereas MCF-7

cells exhibited lower cell viability than Hela cells. Thus, the co-delivery

via liposome might be a potential chemotherapeutic agent for the syn-

ergistic treatment in breast cancers. This study demonstrates the

advantages of utilizing cationic liposomes for improving cellular

uptake compared to zwitterionic liposomes. The possible mechanism

might be due to enhanced interaction of the delocalized conjugated pi

electrons of the polyphenol with the cationic liposomes, causing an

enhanced fusion of nanoparticles to the membrane.88

4.2.2 | In vivo studies

In a study by Meng et al (2016), pegylated liposomes were con-

structed by co-encapsulating resveratrol and paclitaxel using phos-

phatidylcholine and DSPE-mPEG2000 lipids.81 Both drug

molecules resided within the aqueous core of the liposome struc-

ture. The composite liposomes showed an average diameter of

50 nm, encapsulation efficiency greater than 50%, and generated

potent cytotoxicity against MCF-7/Adr tumor cells. MCF-7 is a

drug-sensitive cell line, whereas MCF-7/Adr is a drug-resistant cell

line. Administration of formulation to mice showed 10-fold higher

blood concentrations of paclitaxel and resveratrol, with long circu-

lation times compared to free drug solutions. The formulation also

enhanced tumor retention and superior multidrug resistance rever-

sal without significant side effects in vivo. For instance, the lipo-

some reversed the paclitaxel resistance in drug-resistant cells and

improved the efficacy of both drugs against drug-sensitive and

drug-resistant tumors in vivo. Analysis of the results revealed the

importance of surface modification of liposomes with DSPE-

mPEG2000 to obtain smaller particle size, enhance the cellular

uptake, and protect the vesicles from metabolic clearance in vivo.

Thus, it is essential to incorporate higher content of DSPE-

PEG2000 and repeated freeze-thaw cycles to obtain liposomes

with smaller particle size81 Similarly, Elzoghby et al (2017) con-

structed shell cross-linked zein nanocapsules for oral co-delivery of

exemestane and resveratrol. This co-delivery system showed supe-

rior cytotoxicity compared to the free drug combination in both

MCF-7 and 4 T1 breast cancer cells. In vivo study demonstrated a

marked reduction in tumor volume by 2.4-fold compared to the

free drug combination.12 In another study by Poonia et al (2019),

resveratrol-loaded nanostructured lipid carriers (based on stearic

acid—oleic acid) as a parenteral formulation for breast cancer treat-

ment was developed.133 The nanocarrier was further modified by

conjugating to folic acid moiety as a targeting agent. The optimal

formulation showed a mean diameter of 88 nm with high encapsu-

lation efficiency (88%). The folate-targeted nanocarrier revealed

high cytotoxic effects compared to unmodified nanocarrier on

MCF-7 cells with high levels of over-expressed folate receptors,

suggesting the enormous potential of targeted nanocarriers in

enhancing the therapeutic concentration of resveratrol to breast

cancer cells. Intravenous delivery of the nanocarrier formulation in

rats demonstrated a 9-fold increase in the bioavailability for the

folate targeted nanocarrier in comparison to free resveratrol.133 In

a similar study, folic acid functionalized pluronic 127/D-

α-tocopheryl PEG 1000 succinate mixed micelles loaded with res-

veratrol were prepared for breast cancer treatment.134 The novel

mixed micelle system was prepared using the thin-film hydration

method in order to address low solubility, rapid metabolism, and

enhance its accumulation at the tumor site. The micelles showed an

average diameter of 20 nm, encapsulation efficiency of 99.67%,

and showed a sustained-release behavior as compared with the

propylene glycol solution. The micelle formulation also exhibited

enhanced cell uptake via folate receptor-mediated endocytosis.

The folic acid conjugated micelles showed 4-fold higher plasma

levels of resveratrol upon i.v administration in rats, compared to

solution. Moreover, there was a lower accumulation in the heart

and kidney, suggesting lower exposure to other vital organs.134 In

another study by El-Far et al (2018), monascin and ankaflavin, the

major components of fungal-derived monascus yellow pigments,

were incorporated along with resveratrol in the core of folate-

conjugated casein micelles for active targeted system.84 In contrast,

as a passive targeting system, PEGylated resveratrol-phospholipid

complex bilayer enveloping casein micelles were developed. The co-

loaded micelles showed higher cytotoxicity than free drugs in MCF-7

breast cancer cells. Both nanosystems showed excellent antitumor effi-

cacy, with PEGylated micelles showing comparable tumor suppression

to folate-conjugated micelles in tumor-bearing mice. Therefore, the co-

delivery of monascus yellow pigments and resveratrol-loaded micelles

were found to be effective for breast cancer treatment. Despite its

tumor-targeting abilities, the limitations of polymeric micelles such as

lack of stability in the blood and difficulty in scaling up the current syn-

thetic technique need to be carefully evaluated.84

4.3 | Prostate cancer

Prostate adenocarcinoma is the second most frequent cancer

among men in the United States.135 Some of the significant risks for

human prostate cancer development include age-related factors and

genetic mutations such as loss of phosphatase and tensin homolog

(PTEN), leading to increased cancer cell proliferation.136 Even

though resveratrol intake was not associated with the reduction of

prostate serum antigen levels, it was found to be effective in lower-

ing the levels of androgen precursors such as androstenolone, as

evidenced by the downregulated expression of androgen receptor

and kallikrein, an orthologue of human prostate-specific antigen.137

In another recent study, resveratrol inhibited Akt/MicroRNA-21

pathway, thus reducing the cancer growth and metastasis. The

mechanism involves the downregulation of various prostate-tumor

associated microRNAs, including miR-21 and upregulation of tumor

suppressors (PDCD4 and maspin) in DU145 and LNCaP prostate

cancer cells.138 The anticancer effect of resveratrol

nanoformulations in prostate cancer has been well reported in many

in vitro and in vivo studies.
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4.3.1 | In vitro studies

In a study by Sanna et al (2013), resveratrol-loaded nanoparticles con-

taining poly (epsilon-caprolactone) (PCL), and poly (D, L-lactic-co-

glycolic acid) (PLGA)-poly(ethylene glycol) conjugate was prepared by

nanoprecipitation method.50 The nanoparticles were prepared to pro-

tect against degradation, enhance the bioavailability, improve the

intracellular penetration, and prolong the release of resveratrol. The

nanoparticles (mean diameter of 150 nm) showed high encapsulation

efficiency (up to 98%) and controlled the release (�50% released in

7 hours) both at pH 6.5 and 7.4, simulating the acidic tumoral micro-

environment and physiological conditions, respectively. The

nanoparticles significantly improved the antiproliferative efficacy

compared to free resveratrol in DU-145, PC3, and LNCaP cell lines.

Moreover, the nanoformulation showed significantly higher cytotoxic-

ity compared to the free drug in all three prostate cancer cell lines.50

In a similar study, PLGA nanoparticles encapsulating resveratrol

were designed, and their cytotoxic effects were evaluated. The

nanoformulation significantly decreased the cell viability, induced apo-

ptosis by mediating cell cycle arrest of the G1-S transition phase,

DNA nicking, loss of mitochondrial membrane potential, and ROS gen-

eration in LNCaP cells. Moreover, the nanoparticles showed signifi-

cantly higher cytotoxicity compared to free resveratrol at all tested

concentrations. Adverse cytotoxic effects were not observed in

murine macrophages, even at 200 μM. These findings support the fur-

ther investigation of resveratrol-loaded nanoparticles for the chemo-

prevention/therapy of prostate cancer.100 Similarly, Saralkar et al

(2017) formulated calcium alginate nanoparticles loaded with cur-

cumin and resveratrol and tested the in vitro efficacy against DU-145

prostate cancer cells. Nanosuspension and freeze-dried nanoparticles

had a particle size around 12 and 60 nm, respectively, with encapsula-

tion efficiency around 49% (for curcumin) and 71% (for resveratrol).

Resveratrol showed a faster and higher release (87.6%) than curcumin

(16.3%) in 24 hours. The co-delivery nanoparticles exhibited a more

significant cytotoxic effect on DU-145 prostate cancer cells than the

drug solution, and at higher concentrations, the drug solution showed

greater toxicity than nanoparticles.82 A similar study also demon-

strated the synergistic chemotherapeutic effects of resveratrol and

docetaxel. A receptor-based targeted delivery approach by using folic

acid conjugated novel planetary ball milled nanoparticle to treat

advanced metastatic prostate cancer was developed. The co-delivery

downregulated the genes (ABCB1, ABCC2, and ABCG2) at both

mRNA and protein levels and also downregulated the expression of

antiapoptotic markers (Bcl-2, Bcl-xl), whereas apoptotic markers (Bax,

Bak) were upregulated, thereby reducing the growth of prostate can-

cer cells.13 In another study, resveratrol-loaded SLNs based on stearic

acid and tristearin were formulated using the solvent diffusion evapo-

ration method for enhanced delivery of resveratrol. Nanoparticles rap-

idly moved through the cell membrane, distributed throughout the

cytosol, and moved successively among different cellular levels with

greater cytotoxicity compared to resveratrol solution in PC3 cells. This

intracellular delivery decreased cell proliferation, thereby inducing

selective apoptosis in prostate cancer cells. Drug-loaded SLNs were

prepared using a high-shear homogenization technique, which greatly

eliminates the need for organic solvents, thereby avoiding toxicity

compared to other techniques such as solvent evaporation or film

ultrasound dispersion. Therefore, the method of preparation of

nanoparticles is a critical parameter in determining the properties and

their behavior both in vitro and in vivo.101

4.3.2 | In vivo studies

Narayanan et al (2009) developed liposomes encapsulating resveratrol

and curcumin. The curcumin liposomes and resveratrol liposomes

were prepared separately using 1,2-dimyristoyl-rac-glycero-3-pho-

sphocholine, then combined each in a 2.5 mg/kg (1:1) ratio and

freeze-dried. In vitro studies showed that these liposomes effectively

inhibited cell growth and induced apoptosis in PTEN-CaP8 cancer

cells. Moreover, the coadministration of resveratrol and curcumin sig-

nificantly decreased prostatic adenocarcinoma in B6C3F1/J mice.

Molecular targets that are activated due to loss of PTEN, including

p-Akt, cyclin D1, and androgen receptor, were downregulated by co-

encapsulation, suggesting that these liposomes can target multiple

mechanisms. One such mechanism is due to enhanced binding of

coadministered liposomes to the albumin, enhancing its transportation

into the bloodstream and thus improving its therapeutic efficacy.102

4.4 | Colon cancer

According to WHO, colon cancer is the fifth most common cause of

cancer deaths worldwide.139 About 95% of the colorectal cancer

cases are caused by common dietary and environmental factors.140

Some of the significant factors that influence colorectal cancer are old

age, smoking, high alcohol consumption, diabetes mellitus, obesity,

and low fiber intake.141 Due to poor bioavailability and substantial

accumulation of resveratrol in the colon, it is considered as the most

convenient target for application.142 Arunachalam and coworkers

reported that the NFkB pathway is the main contributor to colon can-

cer. Resveratrol reverses the activation of NFkB, which is responsible

for inducing inflammatory cytokines.143 Hope et al (2008) reported

that resveratrol at low concentrations significantly inhibited Wnt sig-

naling in colon-derived cells. This inhibitory effect was due to the reg-

ulation of intracellular β-catenin localization.144 In a similar study

carried by Sakoguchi et al (2007), resveratrol is shown to induce apo-

ptosis and inhibit proliferation by reducing both Wnt/β-catenin signal-

ing and expression of survivin.145

4.4.1 | In vitro studies

Resveratrol-loaded colloidal mesoporous silica nanoparticles were

prepared for its enhanced cytotoxicity in colon cancer cells. The nano-

formulation showed enhanced solubility of resveratrol by 2-fold and

sustained the release compared to pure resveratrol. The cytotoxicity
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of the nanoformulation against HT-29 and LS147T colon cancer cell

lines was significantly higher than that of unformulated resveratrol.103

In another study, resveratrol and anti-miR21 loaded mesoporous silica

nanoparticles conjugated with hyaluronic acid were developed for the

treatment of gastric carcinoma. The surface conjugation of hyaluronic

acid acted as a targeting agent to the overexpressed CD44 receptor

on the cancer cells. This system showed higher cytotoxicity and cellu-

lar uptake compared to the naive formulations. The targeted

nanoformulation showed a synergistic effect due to the co-delivery of

anti-miR21 and resveratrol in gastric cancer cells. Importantly, the

targeted nanoformulation showed a 3-fold and 2-fold higher tumor

regression effect compared to that of free resveratrol and non-

targeted nanoformulation, respectively. Thus, a co-delivery system of

anti-miR21 and resveratrol in a targeted nanoformulation could serve

as a promising system for the treatment of gastric carcinoma. The

possible reason for its enhanced anticancer efficacy was due to sur-

face modification of mesoporous silica nanoparticles with poly-

ethyleneimine (PEI) to incorporate anti-miR21, which increases the

stability and enhances the cancer-targeting ability. Moreover, surface

conjugation with hyaluronic acid increased its specific binding to the

tumor receptors, thereby improving its cellular internalization.91 In

another study by Kamal et al (2018), technetium-99m labeled

resveratrol-loaded gold nanoparticles (stabilized by gum arabic) were

characterized and evaluated for their targeting efficacy in HT29 colon

cancer cells and in a rat cancer model. The cellular uptake of the res-

veratrol gold nanoparticle system was significantly higher than gold

nanoparticles or resveratrol alone. Following i.v administration of the

resveratrol gold nanoparticle system to colon tumor-bearing rats

showed better in vivo targeting compared to 99m technetium labeled

resveratrol.146 Similarly, in a study by Juere et al (2017), resveratrol-

loaded mesoporous silica nanospheres were formulated. The satu-

rated solubility of nanosphere-embedded resveratrol was dependent

not only on the pore size but also on the particle size of the

nanospheres. The permeability of nanosphere-loaded resveratrol

across human colon carcinoma cell monolayer (Caco-2) was

enhanced compared to a resveratrol suspension. The resveratrol

encapsulation also provided higher anti-inflammatory activity com-

pared to both resveratrol suspension and solution.104 In another

study by Soo et al (2016), resveratrol is co-encapsulated with

cyclodextrin-resveratrol inclusion complex in the lipophilic and

hydrophilic compartments of liposomes, utilizing a novel dual carrier

approach. The co-encapsulated liposome formulation showed a par-

ticle size of 131 nm, PDI of 0.089, and zeta potential of −2.64 mV.

Both the free resveratrol and conventional liposomal formulations

showed a drug release profile of �60%. However, the co-encapsu-

lated liposome formulation showed a 100% drug release in 24 hours.

The in vitro cytotoxicity (potency) of liposomes was also significantly

enhanced compared to free resveratrol in HT-29 colon cancer cell

lines. Due to limitations of the use of cyclodextrins or liposomes as

individual drug delivery vehicles, both cyclodextrins and liposomes

were combined into a single delivery system. Despite showing

improved delivery and cytotoxicity of resveratrol, further research is

required to determine cyclodextrin's effect on the structural integrity

of vesicles, maintain the physical stability of liposomes, and prevent

metabolic clearance in vivo.147

4.4.2 | In vivo studies

Resveratrol-loaded PEG-polylactic acid-based polymeric nanoparticles

were designed to suppress the glucose metabolism and tumor growth

both in vitro and in vivo.105 These nanoparticles showed an increased

apoptotic cell death and 18F-fluorodeoxyglucose (18F-FDG) uptake

and reduced ROS compared to control in CT26 colon cancer cells.

Whereas in CT26 tumor-bearing mice, 18F FDG uptake was reduced

with retardation of tumor growth and improved survival rate com-

pared to empty nanoparticle-injected control.105 In another study, a

novel self-microemulsifying formulation (SMEDDS) (based on Capryol

90, Cremophor EL) containing curcumin together with resveratrol was

developed to address its poor aqueous solubility, improve their

absorption, and delivery across colon cancer cells. This co-delivery

system showed higher antioxidant and cytotoxic activity than the

nanoemulsion with either curcumin or resveratrol alone, demonstrat-

ing synergistic cytotoxic action due to the co-delivery formulation.

Following oral administration of nanoemulsion to rabbits, the total

plasma concentrations of curcumin and resveratrol increased by 10-

and 6-fold, respectively, compared to the unformulated drug combina-

tion. The nanoformulation achieved increased solubility, protection

from degradation, and improved the absorption of resveratrol and cur-

cumin. The possible mechanism of action is due to the presence of

the drug in the dissolved form in the SMEDDS, and due to its smaller

particle size, the surface interfacial tension is increased, thereby

enhancing the rate and extent of oral absorption.92

4.5 | Liver cancer

Liver cancer is the fourth leading cause of all cancer-related deaths

worldwide, which is reported to have relatively high mortality and

morbidity in men.148 Treatment is often challenging due to the high

systemic toxicity of chemotherapeutic drugs, leading to discontinua-

tion of the treatment. Therefore, nano-formulations and targeted

delivery of anticancer agents are highly beneficial to enhance the effi-

cacy, increase the uptake and internalization of drugs into tumors, and

reduce the toxicity in healthy tissues.

4.5.1 | In vitro studies

Resveratrol-loaded chitosan nanoparticles were surface-modified with

either biotin or both biotin and avidin.149 The nanoparticles containing

both avidin and biotin demonstrated a size range <200 nm and supe-

rior cytotoxicity in HepG2 cells compared to biotin alone.149 These

nanoparticles enhanced the target specificity of resveratrol-loaded

chitosan nanoparticles in hepatocarcinoma. In addition, it was

observed that the drug-loaded nanoparticles surface modified with
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both avidin and biotin had a higher liver targeting index (2.70) and

more potent cytotoxicity against HepG2 cells than nanoparticles sur-

face modified with biotin alone.149 Similarly, resveratrol-loaded

ionically crosslinked chitosan nanoparticles were prepared to improve

the stability, solubility, and hepatic tumor targeting of resveratrol. The

nanoparticles were able to improve the long-term stability and drug

release in simulated tumor pH 6.5 than at physiological pH 7.4. More-

over, the antioxidant activity of resveratrol was maintained even after

UV light irradiation. The nanoparticles were efficiently taken up by

hepatocellular carcinoma (SMMC 7721) cells, showed similar antip-

roliferative activity in SMMC 7721 cells, and lower cytotoxicity in nor-

mal hepatocyte cells (L02) compared to free resveratrol. All the

abovementioned advantages might be due to the smaller size of

chitosan nanoparticles (�200 nm), accumulating the drug at the can-

cer site by EPR effect.106 In another study, resveratrol

nanosuspension composed of poloxamer 188 was prepared using a

high-pressure homogenizer, and in vitro anti-hepatocarcinoma effects

relative to free resveratrol was evaluated. The particle size of the

nanosuspension was �159 nm, and the zeta potential was −2.1 mV.

The nanosuspension inhibited the proliferation of HepG2 cells

(2.5-fold lower IC50 values) than the bulk resveratrol.150 Therefore,

resveratrol-loaded nanoformulations were found to be very promising

for the treatment of hepatocarcinoma.

4.5.2 | In vivo studies

In a study by Zhang et al (2019) nano-gold loaded resveratrol was syn-

thesized and evaluated for its antitumor activity in liver cancer cells

and tumor xenografts. The gold-resveratrol nanoparticles effectively

inhibited cell proliferation and promoted apoptosis in HepG2 cells

compared to free resveratrol by the downregulation of pro-caspase-9,

pro-caspase-3, PI3K, Akt, and upregulation of caspase-8 and Bax.151

In a mouse xenograft model, the gold-resveratrol nanoparticles

reduced the tumor growth by decreasing the expression of vascular

endothelial growth factor (VEGF) and promoting apoptosis in tumor

tissue. In addition, there was no observable organ toxicity in the heart,

liver, kidney, and spleen as assessed by histological studies. Moreover,

the gold nanoparticles effectively increased the uptake of resveratrol

into cells and localized near mitochondria. Therefore, these

nanoparticles possess significantly better antitumor efficacy than res-

veratrol alone, both in vitro and in vivo.151 Similarly, glycyrrhizic acid-

conjugated human serum albumin nanoparticles loaded with resvera-

trol for liver tumor targeting was prepared by high-pressure homoge-

nization. The particle size of 108 nm, PDI of 0.001, encapsulation

efficiency of 83.6% were observed, and resveratrol in the

nanoparticles was found to be in an amorphous state. The

nanoparticles showed a sustained release pattern and 2-fold higher

cytotoxicity and greater cellular uptake as compared to free resvera-

trol. Moreover, the nanoparticles were labeled with near-IR fluo-

rophore Cy5 to monitor the in vivo body distribution of nanoparticles

in H22 tumor-bearing mice. The near-IR fluorescence images showed

an enhanced distribution of nanoparticles to the liver tumors and a

sustained-release pattern. This study demonstrates the influence of

formulation parameters such as human serum albumin concentration,

homogenization speed, pressure, duration, and water to the organic

phase volume ratio on the particle size and drug loading efficiency.

Moreover, this study also showed the beneficial effect of combining

the drugs with albumin to prevent deposition of the drug at the injec-

tion site and obtain a slow release of the drug.152

4.6 | Lung cancer

Lung cancer is the foremost of all cancer-related deaths worldwide,

with approximately 69% reported in developing countries.14 Current

treatments include a combination of surgery, radiation therapy, and

chemotherapy. Resveratrol has been reported to be very promising in

suppressing lung cancer by the phosphorylation of ribosome binding

protein and transcriptional factors such as NFkB, which is accompa-

nied by the induction of p21WAF1/CIP and increased activity of

caspase 3, inducing apoptosis.153 Whereas in human epidermoid

A431 cells, resveratrol showed cell cycle arrest in the G1 phase in

addition to the induction of p21/WAF1.154

4.6.1 | In vitro studies

In a study by Karthikeyan et al (2015), resveratrol-loaded gelatin

nanoparticles were prepared (by coacervation method) for effective

intracellular delivery in H460 lung cancer cell lines. The nano-

resveratrol was shown to produce higher cellular uptake in H460

lung cancer cells, which was associated with greater DNA damage

and apoptotic incidence as compared to resveratrol alone. The

mechanism of apoptosis includes the downregulation of Bcl-2 and

NFkB expression and the upregulation of Bax, p53, p21, and

caspase-3 expression. This enhanced anticancer activity also

induced the arrest of the G0/G1 phase of the cell cycle.107 In

another study, liposomes modified with dequalinium-PEG-dis-

tearoylphosphatidylethanolamine to allow selective uptake of res-

veratrol by the liposomes were synthesized. The liposomes' particle

size was very small (70 nm) for intracellular delivery and induced

apoptosis in both nonresistant and resistant cancer cells and

showed increased cellular uptake and selective accumulation of

drugs within mitochondria. Resveratrol was found to exhibit signifi-

cant antitumor activity in both the A549/cDDP tumor spheroids

and in xenograft-resistant A549/cDDP cancer in nude mice; there-

fore, the mitochondrial targeting approach is used as a combinato-

rial tool in chemotherapy. The mechanism for enhanced efficacy of

mitochondria, targeting resveratrol liposomes, might be due to

(a) smaller particle size (70 nm), allowing the accumulation of the

drug at the tumor site by EPR effect (b) long circulatory effect of

PEG preventing the escape of drug by the reticuloendothelial sys-

tem. Despite its potential advantages as an effective chemothera-

peutic agent, the mechanism for the enhanced mitochondrial

uptake of liposomes is still unclear.108
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4.6.2 | In vivo studies

In a study by Karthikeyan et al, resveratrol-loaded gelatin

nanoparticles were prepared, which showed a mean particle diameter

of 294 nm, PDI of 0.295, zeta potential of −18.6 mV, and encapsula-

tion efficiency of 93.6%. In vitro release kinetics showed a rapid burst

release followed by sustained release of resveratrol from gelatin

nanoparticles. They also showed a rapid and more efficient cellular

uptake, greater antiproliferative efficacy, greater ROS generation,

DNA damage, and apoptosis than the free resveratrol in NCI-H460

cells. Moreover, the bioavailability and half-life were higher with twice

the serum levels of resveratrol with nanoparticles compared to the

free resveratrol in Swiss albino mice.109,155 In another study, lyotropic

liquid crystalline nanoparticles (based on glyceryl monoolein) for co-

delivery of pemetrexed and resveratrol for lung cancer treatment

were prepared by hydrotrope method. The nanoparticles exhibited a

particle size of 173 nm with a biphasic release pattern and a sustained

release up to 24 hours. Also, the nanoparticles manifested a superior

cytotoxicity profile against A549 lung cancer cells compared to free

drug. The cellular uptake was also enhanced due to the bioadhesive

properties of glyceryl monoolein. In vivo evaluations showed effective

inhibition of tumor growth by inhibiting angiogenesis and inducing

apoptosis in urethane-induced lung cancer-bearing mice. Therefore,

these nanoparticles are proved to be a promising delivery carrier with

no toxicity.93 In another study by Song et al (2018), epidermal growth

factor conjugated core-shell lipid-polymer hybrid nanoparticles were

fabricated to co-deliver docetaxel and resveratrol.14 The in vitro and

in vivo data show that the nanoparticles have significant synergistic

cytotoxic effects, best tumor inhibition ability in mice, lowest systemic

toxicity as seen from higher concentration at the target site of the

lungs (at 48 hours post-dose), and lower levels in the other organs

(heart and kidney) compared to the free drugs (docetaxel/resvera-

trol).14 In another study by Huang et al (2018), ultrathin rhenium disul-

fide (UtRes2) nanosheet was prepared through the bovine serum

albumin assisted ultrasonic exfoliation method.156 Resveratrol was

loaded onto the nanosheet surface, and folic acid is then conjugated

to the nanocomposite. A high loading ratio was achieved due to the

presence of albumin with a large surface area. The nanocomposites

released 16.5% of resveratrol over 24 hours and reached about 55%

in 6 cycles of NIR irradiation. It also showed low cytotoxicity and

excellent targeting effect in HepG2 cells. Upon pH/temperature dual-

stimuli, the targeted nanocomposite system showed an enhanced

cytotoxic effect. Moreover, the targeted nanocomposite preparation

intravenously injected into tumor-bearing mice showed active

targeting and greater accumulation in tumor tissue at 24 hours post-

injection. This was followed by effective tumor suppression without

relapse after 30 days, when the injection was accompanied by

3 cycles of near-infrared irradiation for 5 minutes, once a day. These

findings suggested that the targeted nanocomposite system has a

remarkable targeting ability, providing a dual-stimuli-responsive drug

delivery system. This high loading efficiency might be due to large sur-

face area of UtRes2, allowing the binding of functional groups through

non-covalent interactions such as hydrophobic or π-π stacking.

However, the higher stability of nanosheets was due to the adhesion

of bovine serum albumin and PEG conjugation onto the nanosheet

surface. The release of resveratrol was higher in the weak acidic envi-

ronment of the tumor. In the acidic environment, protons are released,

altering the hydrophilic/hydrophobic balance of the nanoparticles.

Further studies revealed the significance of folic acid conjugation to

promote cell internalization through receptor-mediated endocytosis,

thus providing an enhanced cytotoxic effect.156 Similarly, in another

study by Geng et al (2017), resveratrol-loaded human serum albumin

nanoparticles conjugating RGD (arginine-glycine-aspartate) via a PEG

“bridge” was prepared for effective targeted tumor therapy.157 The

nanoparticles had an average diameter of 120 nm, encapsulation effi-

ciency of 62.5%, and a maximum release ratio of 58.4% at pH 5.0.

Confocal fluorescence images showed that the nanoparticles have the

highest cellular uptake ratio (47.3%), attributing to an RGD-mediated

effect. The nanoparticles without resveratrol showed limited cytotox-

icity, and the loaded nanoparticles were significantly more cytotoxic

to PANC-1 cells compared to free resveratrol. Moreover, the coating

of nanoparticles with PEG and human serum albumin prolonged the

blood circulation of resveratrol, increasing the half-life approximately

5-fold (1.2 hours for free resveratrol vs 6.6 hours for the

nanoparticles). Similarly, after i.v administration, the tumor tissue was

increased by 3- and 8-fold respectively, compared to unconjugated

and free resveratrol, respectively. These findings suggest that the con-

jugated nanoparticles have best tumor suppression ability with

improved biocompatibility and prolonged circulation with no signifi-

cant toxicity.157

4.7 | Ovarian cancer

Ovarian cancer is the primary cause of cancer-related deaths among

all gynecological cancers, and chemotherapy is the most common

treatment in many cases. However, if the tumor is well-differentiated

and confined to the ovary, surgery is the first choice of treatment.

The anticancer activity of resveratrol was due to inhibition of STAT3

signaling.158 The role of autophagy was also found in resveratrol-

induced apoptotic cell death in OVCAR-3 and CAOV-3 human ovarian

cancer cells. Resveratrol causes the generation of ROS, causing

autophagy and subsequent apoptosis.159 Resveratrol is shown to

lower the glucose uptake significantly and levels of phosphorylated

Akt and mTOR in epithelial ovarian cancer cells.160

4.7.1 | In vitro studies

The chemotherapeutic activity of resveratrol-loaded bovine serum

albumin nanoparticles in human SKOV3 ovarian cancer cell lines was

investigated. The nanoparticles induced apoptosis in a dose-

dependent manner, and the translocation of apoptosis-inducing factor

(AIF) from mitochondria to cytoplasm occurred even before the Cyto

C. Moreover, binding of Bax to the mitochondria was essential for the

release of AIF and Cyto C. Thus, it was concluded that resveratrol-

14 of 21 ANNAJI ET AL.



loaded bovine serum albumin nanoparticles induced apoptosis

through AIF apoptosis pathway, which is considered as an alternative

to the caspase-dependent apoptosis pathway. This is the first study to

investigate the mechanism for caspase-independent apoptotic path-

way. While AIF protein is an important factor in caspase-independent

pathway, further research is required to understand the mechanism

by which AIF causes DNA ladder formation and also the association

between early response signal and apoptotic signal.110 In another

study, resveratrol-loaded herbal extract (Angelica Gigas Nakai) (AGN)

based nanoparticles were prepared using the nanocrystal concept.161

Nanoparticles are converted from crystalline to amorphous states by

emulsification and solvent evaporation methods. The nanoparticles

showed a particle size of 224 nm and negative zeta potential values.

Sustained-release profiles (for 5 days) were observed for decursin,

decursinol angelate (the representative markers of the herbal extract),

and resveratrol at pH 7.4. Even though the nanoparticles showed a

lower cellular entry rate than AGN nanoparticles, the accumulated

amount of nanoparticles in the cells was similar to that of AGN

nanoparticles. The anti-proliferation efficiency of the resveratrol

nanoparticle in SKOV-3 cells was significantly higher than the AGN

extract, AGN nanoparticles, and AGN nanoparticles with resveratrol.

The higher antiproliferative efficacy via endocytosis suggests the

effective drug loading strategy of AGN extract and resveratrol in a sin-

gle nanocarrier system. Moreover, it is important to limit the number

of pharmaceutical excipients in the formulation, which could limit its

toxicity after intravenous administration. This study utilized diverse

ingredients to prepare nanoparticles, thereby eliminating the need for

other pharmaceutical excipients except for a small amount of stabi-

lizer. It also greatly reduced the toxicity, thereby increasing the feasi-

bility of nanoparticles for clinical applications.161

4.7.2 | In vivo studies

The co-delivery systems of micellar resveratrol-quercetin or micellar

resveratrol-curcumin nanoparticles for Adriamycin (ADR) were

reported. The efficacy of ADR was improved while mitigating its

cardiotoxicity by administering a combination of micellar resveratrol-

quercetin or micellar resveratrol-curcumin in healthy mice and ovarian

cancer xenograft bearing mice. The results indicate that micellar

resveratrol-quercetin and ADR showed a significantly greater tumor

size reduction in the xenograft model than ADR alone. Moreover, the

left ventricular ejection fraction and fractional shortening in the ADR-

treated group is highly compromised in healthy mice. Therefore,

coadministration of micellar resveratrol-quercetin with ADR could

possibly lead to a reduction of the dose while being cardioprotective.

Based on these results, it is important to focus on the exact mecha-

nism of cardiotoxicity in future studies in order to develop potential

strategies to treat ADR-induced cardiotoxicity.94 In another study,

zinc oxide (ZnO) nanoparticles conjugated with trans-resveratrol has

been designed as a potential drug for ovarian cancer treatment. The

nano-conjugate was found to be more cytotoxic in comparison to free

resveratrol. In vivo studies also demonstrated a considerable

enhancement of antioxidant property (through ROS) and mitochon-

drial membrane depolarization in resveratrol-loaded zinc oxide nano-

conjugate compared to free resveratrol. From the results, it appears

that the smaller particle size was a factor in interacting with the cells,

and the transfer of electrons from ZnO to resveratrol might be

responsible for the increase in the ROS activity. Therefore,

resveratrol-loaded ZnO nano-conjugate can be considered as a poten-

tial targeted drug delivery system.111

5 | CURRENT CHALLENGES AND FUTURE
PERSPECTIVE

Among several phytochemicals, phytoestrogens, such as stilbenes,

particularly resveratrol, have been reported to have beneficial

effects on human health with antioxidant, anti-inflammatory, cardi-

oprotective, anticarcinogenic, antiestrogenic, and neuroprotective

properties.162 Due to the complexity in cancer cell signaling, the ther-

apeutic benefit of specific inhibitors that can target only one network

is limited. However, resveratrol is considered as a potent anticancer

agent because it has both chemopreventive and chemotherapeutic

effects by targeting multiple molecular pathways.163 Moreover, res-

veratrol affects all three stages (initiation, promotion, and progression)

of carcinogenesis, and it is shown to induce the apoptotic pathway

through several mechanisms.164 In addition to its anticarcinogenic

activity as a single agent, its coadministration with other chemothera-

peutic agents could reduce the associated side effects while enhanc-

ing the therapeutic efficacy in cancer chemotherapy. Resveratrol was

combined with 5-fluorouracil (skin cancer), curcumin, paclitaxel or

exemestane (breast cancer), curcumin or docetaxel (prostate cancer),

gold (liver cancer), docetaxel (lung cancer), quercetin, Adriamycin

(ovarian cancer), either to reduce the chemotoxicity or to potentiate

the effect of chemotherapeutic drugs by the combination therapy.

Despite its wider pharmacological activities, including anticancer

activity, resveratrol poses pharmacokinetic challenges leading to poor

bioavailability. Nanotechnology has revolutionized the delivery of sev-

eral polyphenolic compounds such as resveratrol by surpassing vari-

ous physicochemical, biochemical, and metabolization barriers. This

review provided comprehensive information on various nanoparticle-

based delivery approaches to enhance the solubility, encapsulation

efficiency, and anticancer activity of resveratrol. However, certain

limitations of nanoparticles need to be addressed, such as

nanomaterials toxicity, stability, and poor drug loading capacity of the

nanoformulations. In a study by Jose et al (2014), the formulations

showed low encapsulation efficiency ranging from 0.6% to 3.1%. The

formulation with tween 80 alone had the lowest encapsulation effi-

ciency and increased when two or more surfactants were utilized. This

is due to enhanced solubilization of resveratrol in the combination of

surfactants. Therefore, it is important to consider the formulation

parameters such as surfactant composition and the drug-lipid ratio

in order to achieve higher encapsulation of the drug in the lipid

core.165 In contrast, conventional polymeric micelles have reasonable

encapsulation efficiency; however, they have poor stability in vivo.
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This is due to the physical assembly of conventional polymeric

micelles leading to micelle disintegration. Therefore, it is important to

consider alternatives such as disulfide-mediated crosslinked micelles,

which can be reversely disintegrated by reducing agents166 or to gen-

erate unimolecular micelles, constructed by coupling of L-lactide with

mPEG, thus forming a highly stable unimolecular micelle.167 Likewise,

polymeric nanoparticles had good drug loading efficiency and stabil-

ity; however, scale-up of the current synthetic technique is a major

challenge hindering its commercial availability.168 Moreover, there is

a limited number of safe and biocompatible polymers available for

the preparation of nanoparticles. All these challenges can be

addressed by exploring various natural and biocompatible polymers

(lignin, albumin) for the preparation of nanoparticles, utilizing novel

conjugating ligands to enhance the cellular uptake and internaliza-

tion, employing various computational and mathematical models to

better predict the transportation into and through the tumors and

improving the in vivo testing to establish the toxicity profile of the

nanoparticles. Apart from challenges posed by various drug delivery

approaches, nanoparticles as such poses various limitations such as

complex and expensive synthetic techniques and the need to incor-

porate toxic reagents for its chemical synthesis, which might pose

various environmental problems. Moreover, various ethical and regu-

latory requirements should be met to completely evaluate the long-

term effects on the environment, humans, and animals. Thus, it is

necessary to perform post-marketing surveillance even after FDA

approval.169

Despite the large number of preclinical studies focused on che-

mopreventive effects of resveratrol nanoformulations, its transition

to the clinic is far from reality due to various limitations. There is

only limited clinical evidence of resveratrol as an effective supple-

ment for cancer treatment and prevention. The first phase I clinical

trial of resveratrol in colorectal cancer patients (n = 8) showed that

resveratrol, when combined with other anticancer agents, could

reduce the risk of colon cancer by decreasing Wnt target gene

expression. One of the limitations of this trial is the detection of a

significantly lower amount of resveratrol by HPLC analysis. Thus,

this trial highlighted the importance of choosing the right formula-

tion and dose for future studies.170 In the second clinical trial, sup-

plementation of micronized resveratrol, formulated as a suspension

(5 g/day for 10-21 days, n = 6), resulted in increased caspase-3

expression, thereby increasing apoptosis in cancerous cells com-

pared to the placebo group. Thus, this trial suggested the administra-

tion of higher doses to achieve significant apoptosis induction.171

Other clinical studies focused on supplementation of resveratrol

(2.5 g/day for 29 days) for reducing the levels of IGF-1 and

IGFBP3.172 Overall, all these clinical trials had a very small patient

sample size, highlighting the scarcity of human data for resveratrol,

thus focusing on the need for more research into the safety and effi-

cacy of resveratrol. In addition to the completed trials, some of the

ongoing trials focused on determining the optimal dose of resvera-

trol formulation that will result in effective plasma levels

(NCT00433576) in colon cancer (ClinicalTrials.gov). This is important

because the optimal dose of resveratrol is yet to be established.

All these trials provide us with key suggestions for future clinical

studies to make the most effective treatment regimens. Based on

the analysis of these clinical trials, it is essential to focus on (a) the

exact mechanism of action of resveratrol, (b) establishing the optimal

dose, and (c) developing novel formulations of resveratrol with other

agents. Considering all these parameters in the future will likely

result in bringing the resveratrol nanoformulations from bench to

bedside.

6 | CONCLUSION

To overcome the extreme heterogeneity of cancer cells, an ideal ther-

apeutic agent should target multiple biochemical pathways while limit-

ing toxicity to healthy tissues. Among the naturally occurring

anticancer agents, resveratrol has the potential to be an effective

chemopreventive agent due to its ability to interact with several

molecular targets involved in carcinogen metabolism, cell proliferation,

apoptosis, etc. Resveratrol was also shown to modulate various signal

transduction pathways. Despite being a potential chemopreventive

agent, resveratrol presents various limitations such as low chemical

stability and poor absorption and tumor delivery. In order to effec-

tively overcome these shortcomings and to improve the bioavailability

and cellular uptake of resveratrol, novel nanostructured delivery

systems have been recently evolved. Various nanotechnology

approaches were attempted for resveratrol for its beneficial effects in

cancer chemoprevention as well as therapy. Despite these challenges

in nanoformulations, the authors foresee a growth in the resveratrol

nanomedicines in the coming years, due to the advancements in

nanoengineering and bioengineering methods.
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