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A B S T R A C T   

Resveratrol (3,4’,5-trihydroxy-trans-stilbene) has been expected to ameliorate cancer and foster breakthroughs 
in cancer therapy. Despite thousands of preclinical studies on the anticancer activity of resveratrol, little progress 
has been made in translational research and clinical trials. Most studies have focused on its anticancer effects, 
cellular mechanisms, and signal transduction pathways in vitro and in vivo. In this review, we aimed to discern the 
causes that prevent resveratrol from being used in cancer treatment. Among the various limitations, poor 
pharmacokinetics and low potency seem to be the two main bottlenecks of resveratrol. In addition, resveratrol- 
induced nephrotoxicity in multiple myeloma patients hinders its further development as an anticancer drug. New 
insights and strategies have been proposed to accelerate the conversion of resveratrol from bench to bedside. In 
the interim, the most promising approach is to enhance the bioavailability of resveratrol with new formulations. 
Alternatively, more potent analogues of resveratrol could be developed to augment its anticancer potency. Given 
all the gaps mentioned, much work remains to be done. However, if remarkable progress can be made, 
resveratrol may finally be used for cancer therapy.   

1. Introduction 

Resveratrol (3,4’,5-trihydroxy-trans-stilbene), is a “miracle” nutra-
ceutical with promise to ameliorate cancer and herald breakthroughs in 
cancer therapy. As a natural phytoalexin, resveratrol is produced by 
plants to protect them from environmental stress and pathogenic inva-
sion [1]. It was first isolated in 1940 from the roots of Veratrum album 
(white hellebore) and later extracted from the roots of the plant Polyg-
onum cuspidatum (Japanese Knotweed) in 1963 [2]. Although its 

cardioprotective benefits were first claimed in 1982 [3], it was only after 
1992, when the resveratrol contained in red wine was suggested to 
confer cardioprotective health benefits [4], that the compound became 
popular [5]. When topical resveratrol was reported to prevent tumori-
genesis in a mouse skin cancer model in 1997, its possible use as a novel 
anticancer drug was highlighted [6]. 

Resveratrol can be extracted from more than 70 plants [7]. It is 
present in natural foods like peanuts and pistachios, and in lower 
amounts in bilberries and blueberries. It is commonly detected and 
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extracted from grapes [8], whose skin is particularly rich in resveratrol 
content, and present in wine. Raw cranberry juice, chocolate, and cocoa 
powder-containing products also contain resveratrol [9]. Resveratrol 
exists as two geometrical isomers. Its cis-isomer is unstable, and is thus 
unavailable commercially. Its trans-isomer possesses greater stability 
but converts to the cis-isomer under exposure to high pH or UV light 
[10], with heat accelerating the degradation process [11]. Apart from 
the greater stability and biological activity of the trans-isomer as 
compared to the cis-isomer [12], the former is believed to be responsible 
for the anticancer and health benefits of resveratrol. Therefore, the 
research has focused on the therapeutic application of its trans-isomer. 

Resveratrol has an inexhaustible list of health benefits, from boosting 
immunity, slowing aging processes, and mimicking the effects of calorie 
restriction, which lead to its anti-obesity effects, to specific actions that 

prevent or alleviate diseases such as diabetes as well as neurodegener-
ative and cardiovascular diseases [13]. Most importantly, extensive 
research has reiterated its suppressive role on cancer [14]. Resveratrol 
acts as a chemopreventive agent in the four major stages of carcino-
genesis, namely initiation, promotion, progression, and metastasis [6], 
and has also shown efficacy for cancer treatment in vitro and in vivo [15]. 
With its antioxidant, anti-inflammatory, and direct anti-tumour prop-
erties, resveratrol holds great potential as a complementary agent to 
conventional chemotherapy [16]. To date, it has shown efficacy against 
obesity-associated cancers such as hepatic, pancreatic, postmenopausal 
breast, prostate, and colorectal cancer [17] as well as lung [18], skin 
[19] and haematological malignancies [20]. Multiple reviews have 
summarised the various mechanisms and pathways whereby resveratrol 
exerts its effects [21–27], which are shown in Fig. 1. Previous research 

Fig. 1. Schematic representation of the different signalling pathways that are targeted using resveratrol as a novel therapeutic strategy for cancer treatment.  
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showed that resveratrol exerts its anti-tumour effects via pleiotropic 
mechanisms rather than a single mechanism of action [28]. Its ability to 
act on multiple nodes in tumour carcinogenesis has contributed to its 
usefulness as a combination agent with other therapies, where it syn-
ergises with their chemotherapeutic effects [29,30], or sensitizes [31, 
32] resistant tumour cells to cytotoxicity [33,34]. Additionally, resver-
atrol protects healthy cells from the adverse effects of conventional 
agents [32], including xerostomia and mucositis [35]. Thus, its potential 
utility as an anticancer agent is extremely attractive. Despite all the 
reported benefits, resveratrol has made only marginal progress in cancer 
therapy. It is currently unclear why the clinical translation of such a 
miraculous nutraceutical, which has shown enormous potential pre-
clinically, has been stagnated after animal studies. As such, this review 
seeks to explore the bottlenecks in its clinical translation as a therapeutic 
agent against cancers (e.g., colorectal cancer). We aim to highlight the 
specific challenges that are being faced through a critical evaluation of 
the currently available data from preclinical and clinical studies, with a 
special emphasis on several crucial aspects such as pharmacokinetic 
parameters, its potency in killing cancer cells, and its toxicity profile. 

(I) Resveratrol downregulates the expression of β-catenin and blocks 
β-catenin nuclear translocation through perturbation of the long non- 
coding RNA MALAT1; (II) it suppresses TGF-β/Smad-induced 
epithelial-mesenchymal transition (EMT) and transcription factor Snail; 
(III) it lowers the expressions of IKK-induced TNF-β, leading to the in-
hibition of cancer cell proliferation through deactivation of NF-ḳB; (IV) 
it inhibits p-PI3K/p-AKT-mediated FOXO3a nuclear accumulation; (V) it 
suppresses the phosphorylation of Src-STAT3 and induces apoptosis of 
cancer cells; (VI) it inhibits AKT/MAPK-induced HIF-1α activation and 
accelerates the degradation of the HIF-1α protein via ubiquitination. 

2. Methods 

The references were searched and retrieved from PubMed. A pre-
liminary search using the word “resveratrol” generated over 12,000 
results. Therefore, a 2-fold search strategy was adopted to reduce the 

number of results, which consisted in: a primary search to identify 
studies related to cancer using “resveratrol (MeSH Terms) and cancer 
(MeSH Terms)”; a second search using “resveratrol (MeSH Terms) and 
neoplasms (MeSH Terms)” (Fig. 2). 

Duplicates were screened using EndNote®. Then, titles and abstracts 
were screened, and studies were excluded if they did not meet the in-
clusion criteria. The remaining studies were further sorted into three 
categories: reviews, preclinical/non-cancer studies, and clinical trials. 
Each category was then further screened to identify those studies with 
relevant pharmacokinetic parameters and the eligibility for inclusion of 
the full texts was assessed. Supplementary searches were performed 
when necessary to retrieve additional information. To comply with the 
reference limit (less than 100) required by Cancer Letters for mini- 
review paper, those not that relevant preclinical/non-cancer studies 
were also excluded. 

3. Pharmacokinetics and efficacy studies of resveratrol for 
chemoprevention and cancer treatment 

Despite its promising efficacy in preclinical studies, the efficacy of 
resveratrol has not been clearly established in human subjects due to 
poor pharmacokinetic properties and low potency. A crucial point is to 
note the difference between chemoprevention and chemotherapy 
because, although they overlap to some extent, they constitute different 
paradigms and require different doses for efficacy [36]. 

3.1. Chemopreventive studies 

Boocock et al. [37] attempted to define the dose-dependent phar-
macokinetics of resveratrol by giving increasing single doses of 0.5 g, 1 
g, 2.5 g, and 5 g to healthy volunteers. However, only a maximum serum 
concentration (Cmax) of 2.40 μM and a time to maximum serum con-
centration (Tmax) of 1.5 h was attained with the highest dose (5 g). 
Although this Cmax is substantially high, it does not reach the half 
maximum inhibitory concentration (IC50) values required for most 

Fig. 2. Primary search strategy for preclinical and clinical studies involving cancer.  

B. Ren et al.                                                                                                                                                                                                                                      



Cancer Letters 515 (2021) 63–72

66

cancer cells in cell culture systems (5.0–100.0 μM). The low Cmax of 
resveratrol may be mainly due to its rapid metabolism rather than to 
poor water solubility. On the other hand, resveratrol has been shown to 
bind extensively (97.6%) and tightly to human serum albumin with an 
affinity association constant of K = 2.56 × 105 M− 1 [38]. This greatly 
facilitates its accessibility to body tissues including tumour tissues, 
leading to a large volume of distribution (Vd = 9198–22226 L) [37]. In a 
similar study by Brown et al. [39], the dose-dependent pharmacoki-
netics of multiple doses for a total of 29 days was tested, and a Cmax of 
4.24 μM was obtained for resveratrol after repeating 5 g doses, which is 
approximately 2-fold higher than that obtained in the previous study 
with an equivalent single dose. Thus, a multiple dosing regimen with 
resveratrol may be more appropriate. 

Apart from reporting the pharmacokinetic parameters of resveratrol, 
numerous studies have also examined its effect on important cancer 
biomarkers. Resveratrol was shown to suppress plasma insulin-like 
growth factor-1 (IGF-1) and insulin-like growth factor-binding protein 
3 (IGFBP-3), which are proteins of the insulin signalling pathway 
responsible for tumorigenesis [39]. Interestingly, the most pronounced 
reduction in IGF-1 expression was observed with the 2.5 g/day, rather 
than the 5 g/day, dose arm. IGFBP-3 expression was reduced in the 1 
g/day and 2.5 g/day arms, but not in the 5 g/day arm of healthy vol-
unteers. This could be suggestive of a non-linear dose response rela-
tionship or a hormetic effect, which would make precise dosing and 
titration crucial for efficacy. Zhu et al. [40] administered 50 mg 
resveratrol twice daily for 12 weeks, achieving mean plasma resveratrol 
levels below 5.0 μM (2.9 μM), but demonstrating an effect on cancer 
biomarkers, with a decrease in Ras-association domain family-1a 
(RASSF-1a) methylation and prostaglandin-E2 (PGE2) expression, 
which was linked with antiproliferative and anti-inflammatory effects. 
Meanwhile, Espinoza et al. [41] achieved mean resveratrol plasma 
levels below the 5.0 μM cut-off with 1 g/day, but the administration of 
resveratrol was associated with a significant upregulation of immuno-
modulatory T-cell levels, the downregulation of proinflammatory cyto-
kines such as tumour necrosis factor alpha (TNF-α) and monocyte 
chemoattractant protein-1 (MCP1), and greater plasma antioxidant ac-
tivity compared to baseline. Evaluating resveratrol in mixed formula-
tions, Holocombe et al. [42] reported that milligram doses of resveratrol 
from grapes inhibited wingless-related integration site (Wnt)-signalling, 
which had an anti-proliferative effect. Moreover, Nguyen et al. [43] 
reported a noticeable decrease in Wnt target genes and stem cell markers 
in normal colonic mucosa. Overall, based on its effects on selected 
tumour markers, it appears that low doses of resveratrol, though only 
achieving plasma concentrations below the IC50 for cytotoxicity, do 
indeed have a chemopreventive capacity. 

Apart from investigating the pharmacokinetics and pharmacody-
namics of the parent compound, several studies have also reported the 
pharmacokinetics of resveratrol metabolites. Remarkably, the plasma 
concentrations of these metabolites were much higher than those of the 
parent drug. In the study by Boocock et al. [37], resveratrol-3-O-sulfate 
showed the highest Cmax, followed by resveratrol-3-O-glucuronide and 
resveratrol-4′-O-glucuronide. The AUCs of resveratrol-3-O-sulfate and 
resveratrol-glucuronide were 10- to 20-fold and 4- to 7-fold higher, 
respectively, than that of resveratrol. In the study by Brown et al. [39], 
the resveratrol-3-O-sulfate Cmax at the highest 5 g/day dose was 14.0 
μM, while that of resveratrol glucuronides was 4.30 μM. Chow et al. [44] 
measured plasma resveratrol and metabolite concentrations within an 
hour following a single 1 g dose, and found that the mean plasma con-
centrations for parent resveratrol were lower than its IC50 for anticancer 
activity; however, resveratrol metabolites reached higher concentra-
tions than the parent compound. Once more, resveratrol-3-sulfate 
showed the most promising plasma concentrations (mean = 7.7 μM, 
Cmax = 36.0 μM). Given the significantly higher accumulation of me-
tabolites, especially resveratrol-3-sulfate, it may be worth exploring 
whether resveratrol metabolites have any therapeutic effects on both 
cell cytotoxicity and attenuation of important proteins involved in 

tumorigenesis. 

3.2. Chemotherapeutic studies in human subjects 

Howells et al. [45] administered SRT501 (5 g/day), a micronized 
resveratrol formulation, to colorectal cancer patients for 10–21 days. In 
SRT501, particle size was reduced to enhance bioavailability by 
increasing surface area and improving suspension properties. SRT501 
attained a Cmax = 8.51 μM, which is within the lower end of the 
postulated efficacious IC50 range. The Cmax of the SRT501 formulation 
was 3-fold higher than that achieved by a single dose of non-micronized 
resveratrol [37]. The mean resveratrol level in tumour tissues was 4.81 
nmol/g for SRT501. These encouraging results suggest that micronized 
formulations could be utilized to improve the bioavailability of 
resveratrol. 

When Cai et al. [46] administered 1 g/day doses of pure 14C-labelled 
resveratrol to colorectal cancer patients for six days, the total resveratrol 
level in malignant tumour tissue ranged from 3.0 to 376.0 nmol/g. Even 
higher concentrations were detected in non-malignant colonic mucosa 
and muscle tissue. Patel et al. [47] also reported that resveratrol accu-
mulated in colonic tissue in a non-linear dose-response manner, and 
could reach levels as high as 674.00 nmol/g and 18.60 nmol/g after 
doses of 1 g/day and 0.5 g/day, respectively, for 8 days. 

Howells et al. [45] demonstrated a marked increase in the expression 
of cleaved caspase-3, which is a marker of apoptosis, in tumour tissue 
after treatment with pure resveratrol (5 g/day for two weeks). However, 
no significant effects in the anti-inflammatory marker prostaglandin-E2 
(PGE2) or angiogenic vascular endothelial growth factor (VEGF) were 
observed. This study demonstrated the apoptotic potential of resveratrol 
when given for two weeks at 5 g/day, but the treatment did not 
demonstrate any anti-inflammatory or anti-angiogenic effects. Intrigu-
ingly, Cai et al. [46] found that resveratrol at a much lower dose of 5 
mg/day positively elevated oxidative stress biomarkers in colorectal 
tumour tissue and activated maximal autophagy and AMP-activated 
protein kinase (AMPK). However, these effects were not observed at 
the 1 g/day dose, reiterating the possibility of a hormetic dose response. 
Therefore, it is essential to further define the specific efficacious doses. 

Patel et al. [47] tested the administration of pure resveratrol at 0.5 
g/day and 1 g/day for 8 days to colorectal cancer patients. Although the 
plasma concentrations of parent resveratrol were undetectable after the 
last dose, several metabolites were detected, of which 
resveratrol-sulfate-glucuronide showed the highest concentration (13.4 
μM and 22.3 μM after 0.5 and 1 g/day doses, respectively). The plasma 
levels of resveratrol-3-O-sulfate and resveratrol monoglucuronides were 
detectable but did not reach micromolar concentrations at 1 g/day 
doses. On the other hand, the metabolites were highly concentrated in 
tissues. The highest concentrations were observed with 
resveratrol-3-O-sulfate (67.2 nmol/g after 1 g/day doses) and 
resveratrol-3-glucuronide (86.0 nmol/g after 0.5 g/day doses). Similar 
to findings by Cai et al. [46], it appeared that the area proximal to the 
tumour on the right colon accumulated the most resveratrol, either as 
the parent compound or as metabolites. Overall, the high concentrations 
in colonic tissue met the required in vitro resveratrol IC50, making it a 
feasible agent for colorectal cancer treatment. Current data also point 
towards the possibility of concentration-dependent biotransformation. 
At lower doses [37,48], glucuronides were the dominant metabolites, 
whereas at higher doses [37,39], sulphates, 3-O-sulfate particularly, 
were the main metabolites. A plausible metabolic pathway for resvera-
trol has glucuronidation as the first step, and after saturation, sulfation 
as the second step, which could explain why the concentrations obtained 
by Patel et al. [47] depended on the doses employed, and why the me-
tabolites contributing to the effect, if any, will vary depending on type of 
metabolites and the tumor tissue concentrations available. 

Resveratrol was also tested in combination with other constituents. 
Ávila Gálvez et al. [48] examined the administration of a dietary plant 
extract blend consisting of ~161.6 mg resveratrol/day, and only 
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achieved nanomolar concentrations of resveratrol in plasma. Though 
these milligram doses were too low to give meaningful concentrations, 
both resveratrol and its metabolites concentrated more in malignant 
than normal tissues, possibly due to is lipophilic nature, suggesting that 
resveratrol and its metabolites are likely more useful for the treatment of 
obesity-related cancers. Nguyen et al. [43] also reported that low 
milligram doses of resveratrol delivered as resveratrol/quercetin tablets 
or as a grape seed extract blend did not significantly inhibit the Wnt 
pathway in malignant colonic tissue. 

Paller et al. [49] evaluated the efficacy of low microgram doses of 
pulverized muscadine grape extract (MPX) capsules as a therapeutic 
option for biochemically recurrent prostate cancer patients for 28 days 
in the first study and for 12 months in the second study [50]. For the first 
study, both low dose (500 mg) and high dose (4000 mg) MPX are safe. In 
the 12 months of treatment, prostate-specific antigen doubling time 
(PSADT), which is indicative of disease progression, was unchanged, 
ascertaining that microgram doses are below the threshold for thera-
peutic effects even with long term administration. Van Die et al. [51] 
tested a blend containing a higher dose of resveratrol (30 mg) in a 
similar patient group, and also reported an insignificant lengthening in 
PSADT. It is important to note that low doses were used in the study, 
explaining the lack of effect, and that much higher doses may be needed 
for chemotherapeutic efficacy. Additionally, it is currently unknown 
whether the other constituents in the formulation influenced the phar-
macokinetic profile of resveratrol. Follow-up studies using pure 

resveratrol at higher doses in a similar group of patients would be 
valuable. 

Ávila Gálvez et al. [48] further described a resveratrol blend that led 
to the production of phenolic metabolites, predominantly glucur-
onidated and sulphated, in both malignant (85.5%) and normal (86.6%) 
tissues. Resveratrol-3-O-glucuronide showed the highest recorded 
levels, followed by resveratrol-3-O-sulfate. 

4. Toxic effects of resveratrol 

4.1. In healthy populations 

The incidence and severity of toxic effects depend on the dosage of 
resveratrol and duration of treatment. At single doses of less than 1 g, 
there are little or no drug-related adverse events (Table 1). Mild and 
transient adverse events such as diarrhoea, nausea, vomiting, flatulence, 
abdominal cramps, headache, and rash [52] have been reported with 
doses greater than 0.5 g/day for a month. In the study by Brown et al. 
[39], gastrointestinal side effects were dose-dependent, with only doses 
higher than 2.5 g displaying side effects. Overall, resveratrol is generally 
considered to be well-tolerated at doses below 1 g/day. 

Resveratrol intake at 1 g/day was assessed in overweight or obese 
postmenopausal women for 12 weeks [53]. In this study, six subjects 
withdrew due to intolerance and one reported asymptomatic grade 4 
alanine aminotransferase (ALT) and aspartate transaminase (AST) 

Table 1 
Side effects of resveratrol in chemopreventive and chemotherapeutic clinical trials.  

Phase Tumour Type Subjects Formulation Dose/Duration Safety References 

Chemopreventive Studies 
I Breast cancer 

prevention 
39 
(postmenopausal) 

Oral res 5, 50 mg BD 12 weeks – [40] 

II General 
Chemoprevention 

40 (healthy) Oral res 0.5, 1.0, 2.5, 5 g OD 29 
days 

GI related side effects with 2.5 g and 5 g doses [39] 

I General 
Chemoprevention 

40 (healthy) Oral res 0.5, 1.0, 2.5, 5 g OD 
Single dose 

No side effects, one patient experienced raised bilirubin [37] 

I General 
Chemoprevention 

42 (healthy) Oral res 1 g QD 4 weeks Mild transient side effects [60] 

I Breast cancer 
prevention 

40 healthy 
(postmenopausal) 

Oral res 1 g OD 12 weeks GI side effects leading to withdrawal [53] 

I General 
Chemoprevention 

9 (healthy) Oral res 1 g OD 28 days Mild GI side effects [41] 

I Colon Cancer 
prevention 

30 (healthy) Grapes 0.15, 0.30, 0.45 kg OD 
(~7.5, 15, 22.5 mg res)* 
2 weeks 

No side effects [42] 

Chemotherapeutic Studies 
I Colorectal 8 (patients) Oral res (Tablet/ 

Grape Powder) 
0.89, 15.54 mg OD (oral 
resveratrol) 0.07, 0.11 
mg (grape powder) 2 
weeks 

No side effects [43] 

I Colorectal 24 (patients) Oral res 5 mg, 1 g OD 6 days – [46] 
I Colorectal 20 (patients) Oral res (tablet) 0.5, 1 g OD 8 days No side effects [61] 
I Colorectal 

cancer, Hepatic 
Metastases 

9 (patients) Oral res (SRT501 
pure micronized 
res) 

5 g OD 14 (10–21 days) Mild, gastrointestinal side effects [45] 

I Breast 19 (patients) Oral res (Blend: 
53.85 mg res/ 
700 mg) 

161.55 mg OD 6 ± 2 days – [48] 

I/II Prostate 14 (patients) Oral res (MPX: 
4.4 μg res/ 
capsule) 

8.80, 17.60, 26.40, 35.20 μg 
res OD (1, 2, 3, 4 g) 28 days 

Mild, gastrointestinal side effects in the highest 
dose group 

[49] 

II Prostate 125 (patients) Oral res (MPX: 
4.4 μg res/ 
capsule) 

4.40, 35.20 μg res OD (0.5 g, 
4 g) 12 months 

Mild to moderate nondrug-related side effects (only 
one confirmed with drug-related gastrointestinal 
side effects in the high-dose group) 

[50] 

I Prostate 22 (patients) Oral res (Blend: 
~30 mg res/day) 

~30 mg OD (in BD doses) 12 
weeks 

Mild to moderate nondrug-related side effects [51] 

II Multiple 
Myeloma 

24 (patients) Oral res (SRT501 
pure micronized 
res) 

5 g OD 5 g OD with 
Bortezomib 21 days (up to 12 
cycles) 

Renal toxicity led to termination of study only in 
patients taking resveratrol alone. Five developed 
renal failure evidenced by elevated serum 
creatinine; cast and crystal nephropathy (n = 1), 
acute tubular damage w/o cast nephropathy (n = 1) 

[56] 

Abbreviations: res: resveratrol; GI: gastrointestinal; OD: once daily; BD: twice daily; 
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elevations, which could be drug-related. Another study reported a single 
episode of slightly elevated blood bilirubin and ALT, which resolved 
within a week without complications [37]. Yet, a study showed no raise 
in bilirubin levels after 1 g/day administration for four weeks [44]. 
Hepatotoxicity cannot be ruled out and it warrants further investigation. 
Rare dyslipidaemia was also reported, but the exact effects of resveratrol 
on serum lipids are unclear [44]. A recent study showed that doses up to 
2 g/day for four weeks did not influence lipid profiles in overweight or 
obese glucose-intolerant elderly [54], whereas another study showed 
that resveratrol had in fact a positive effect on the lipid profile, raising 
the HDL levels in diabetics [55]. 

4.2. In diseased subjects 

Popat et al. [56] showed that the administration of 5 g/day doses 
resulted in unexpected renal toxicity in five multiple myeloma patients, 
leading to premature termination. This contrasts with earlier trials 
supporting the safety of resveratrol. Howells et al. [45] did not report 
any nephrotoxicity in metastatic colorectal cancer patients administered 
with SRT501 at 5 g/day for 14 days. In fact, the original formulation 
resulted in severe gastrointestinal symptoms at a dose greater than 2.5 g 
[39], while micronized resveratrol was more well-tolerated. Thus, 
nephrotoxicity may not be formulation-related but disease-induced, 
with renal impairment being a common complication in up to 50% of 
multiple myeloma patients [57]. Renal failure was only observed for 
those subjects taking SRT501 as monotherapy, while subjects on both 
SRT501 and bortezomib were spared. The low efficacy of SRT501 in the 
absence of disease stabilization support from bortezomib, together with 
nausea and vomiting as side effects, may have resulted in the observed 
dehydration in patients on monotherapy. This possibly exacerbated 
disease progression and precipitated renal failure, highlighting that the 
medical conditions of subjects need to be scrutinized in order to rein-
force the safety of resveratrol in diseased states. Cancer patients tend to 
have multiple comorbidities, subsequently lowering their drug toxicity 
thresholds, and may thus be more susceptible to risks for toxicity and 
adverse effects. 

Yiu et al. [58] demonstrated dose-dependent gastrointestinal side 
effects in a trial on Friedreich’s Ataxia patients, where 71.0% suffered 
from diarrhoea and 86.0% experienced loose stools in the high-dose 2.5 
g arm. Seven subjects with moderate to severe diarrhoea had to be 
treated with loperamide, and four subjects in the high-dose arm had 
their dose reduced due to intolerance. Likewise, in the study by La Porte 
et al. [52], where a high 2 g/day dose was administered, the majority of 
the subjects (6/8) experienced mild episodic loose stools. Pollack et al. 
[59] also reported intolerance for higher daily doses of 3 g resveratrol, 
where three patients suffered severe gastrointestinal symptoms, leading 
to the hospitalization of one patient. Hence, the dose was reduced to 1 g 
twice daily, and there were no further complaints of intolerable 
gastrointestinal side effects. Overall, it appears that the gastrointestinal 
side effects of resveratrol are dose-dependent. Based on current data, the 
dose of resveratrol should be limited to 1–2 g/day, but this may 
compromise its efficacy due to inadequate plasma concentrations ach-
ieved at lower doses. 

5. Concluding remarks and future perspectives 

5.1. Defining the dose and reaching efficacious levels 

Currently, it appears that resveratrol is well tolerated at doses of up 
to 1 g daily, but this dose is unable to generate plasma concentrations 
equivalent to the effective IC50 values for most investigated cancer cells. 
Yet, higher doses (2–5 g/day) may not be well tolerated and 5 g/day 
doses may exacerbate certain comorbidities via drug-drug or drug- 
disease interactions as evidenced in the trial conducted by Popat et al. 
[56]. Resveratrol tissue levels attained are crucial to achieve anticancer 
effect; however, few human trials have evaluated tissue levels, and the 

findings are limited to colonic tissue. Therefore, the distribution of 
resveratrol in other tissues remains unknown. The high resveratrol 
levels in colonic tissue suggest that it may be an attractive agent for 
colorectal cancer treatment. Meanwhile, if such levels are not achievable 
in other tissues, resveratrol will likely be less useful for other forms of 
cancer. Obesity-related cancers may be more sensitive to resveratrol, as 
resveratrol is a lipophilic drug and concentrates in lipophilic compart-
ments. The anticancer efficacy of resveratrol is highly related to the 
percentage of its major metabolites, and could be improved by synthe-
sizing new derivatives of resveratrol, some of which are shown in Fig. 3. 

5.2. How can we enhance bioavailability? 

5.2.1. Derivatives of resveratrol for anticancer therapy 
Researchers have attempted to elucidate the anticancer effects of 

resveratrol derivatives, in vitro and in vivo, relative to parent resveratrol. 
Pterostilbene (trans-3,5-dimethoxy-4′-hydroxystilbene), has shown 
greater bioavailability and corresponding plasma levels than parent 
resveratrol [62], exhibiting 5-fold lower clearance/elimination and 
10-fold longer mean transit time than resveratrol. The extra methyl 
groups of this derivative decrease its vulnerability to conjugation 
metabolism [63], and its anticancer activity has been shown to exceed 
that of resveratrol in vivo [64]. Trans-3,5,4′-trimethoxystilbene induces 
cell cycle arrest and apoptosis with enhanced potency via a unique 
mechanism [65,66], and the IC50 values were 100–200-fold lower than 
those of resveratrol. Trans-3,4,5,4′-tetramethoxystilbene 
(DMU212/TMS) has both greater pharmacokinetic and tumour sup-
pressive properties, and its metabolite has displayed higher preclinical 
cytotoxicity in ovarian [67] and prostate cancer [68]. Trans-2,4,3′,4′, 
5′-pentamethoxystilbene displayed higher potency at inhibiting colon 
[69] and breast [70] cancer cell growth compared to resveratrol. The 
hydroxylated analogue piceatannol showed equipotency for 
anti-inflammatory, immunomodulatory, and anti-proliferative effects, 
with direct proapoptotic, anti-metastatic [71], and tyrosine-kinase 
inhibiting activities [72,73]. To date, no cancer-related clinical trials 
with resveratrol stilbenes have been performed. We identified a single 
trial on derivative resveratrol-triphosphatase, which showed that the 
compound elicited greater reduction of oxidative stress in obese subjects 
[74]; however, little is known about this compound. 

5.2.2. Metabolites of resveratrol for anticancer therapy 
Many studies [39,44,53,58,61,75] have identified 

resveratrol-3-O-sulfate as a major metabolite reaching higher plasma 
and tissue concentrations than resveratrol. Even in diseased individuals, 
resveratrol-3-O-sulfate levels were approximately 5-fold [58], 10-fold 
[76] and even 300-fold [77] higher than those of parent resveratrol. 
Similarly, resveratrol-glucuronides have shown promising plasma con-
centrations [40,48]. However, efficacy-wise, sulphated metabolites 
have reported poor cytotoxicity in human breast cancer lines [78], and 
higher IC50 values [79]. Glucuronidated metabolites retained cell 
growth inhibition activities, but unfortunately demonstrated higher IC50 
in colon cancer cell lines than resveratrol [80]. Moreover, high levels of 
resveratrol metabolites did not contribute to an anti-tumour effect in 
neuroblastoma in vitro and in vivo [81]. However, Hoshino et al. [82] 
reported that resveratrol-3-O-sulfate mediates comparable or enhanced 
antioxidant and anti-inflammatory activities. A modest antiproliferative 
activity of resveratrol-4′-O-sulfate was also observed in a separate study, 
and its COX inhibition activity was similar to that of resveratrol [83]. 
Resveratrol metabolites may not be as valuable as resveratrol for cyto-
toxicity, but may provide anti-inflammatory and antioxidative effects. 
The gut metabolite dihydroresveratrol retains some degree of anti-
oxidative and anti-inflammatory activities [84], but may stimulate, 
rather than inhibit, the proliferation of the ER + breast cancer cell line 
[85]. Some studies suggest that metabolites have to be deconjugated 
back to free resveratrol to exert an effect, while other studies suggest 
that metabolites are not deconjugated but enter and are retained in 
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tissues, providing long-term tumour-senescent chemoprevention rather 
short-term biological effects [86]. It is undeniable that the metabolites 
are present in promising concentrations; however, their biological ef-
fects need to be determined. 

5.2.3. Formulations to enhance the bioavailability and efficacy of 
resveratrol 

More recently, nanotechnology has emerged as a compelling strategy 
to counter the poor aqueous solubility and bioavailability, which con-
fines the clinical application of resveratrol. Nanoparticle delivery sys-
tems such as lipid-core nano-capsules or solid-lipid nanoparticles may be 
coated on their surface with polyethylene glycol or another inactive 
moiety such as chitosan, avoiding the reticuloendothelial system and 
allowing accumulation in tumours through enhanced permeability and 
retention [36]. Additionally, by incorporating target-specific antigens or 
ligands on the surface, the drug can reach and be retained at the desired 
tumour site, offering increased efficacy and reducing undesirable 
toxicity. Biodegradable nano-formulations also allow for controlled or 
sustained release systems. The IC50 for polymeric nanoparticles encap-
sulating resveratrol was calculated to be 15.6 μM, which is approxi-
mately half the IC50 (29.7 μM) of free resveratrol [87]. 
Phosphonate-modified mesoporous silica nanoparticles displayed 
augmented antiproliferative activity with a lower IC50 of 7.15 μM, as 
compared to 14.86 μM for free resveratrol [88]. Currently, they are no 
clinical trials testing nanoparticle formulations and therefore, this 
should be addressed. 

In addition, resveratrol-loaded Ca-pectinate beads and Zn-pectinate 
microparticles have been developed and repeatedly examined for tar-
geted delivery and sustained release [89–94]. Biodegradable 
double-layered ultrafine fibres can also provide sustained release [95]. 
Moreover, complexation with β-cyclodextrins to improve resveratrol 
solubility has shown favourable outcomes. In addition, the incorpora-
tion of resveratrol into liposomes or micelles can combat poor 
bioavailability [96]. Lastly, clinical trials using micelles [97], galenic 
soluble formulations [98], or micronized formulations [98] should be 

carried out. 
The recent trials showing dangerous renal toxicity upon treatment 

with resveratrol highlights that correct patient selection is of paramount 
importance when developing resveratrol as a potential anticancer agent. 
At present, despite the exciting results on its efficacy in preclinical 
models, its low bioavailability due to rapid metabolism prevents it from 
reaching bioactive plasma concentrations in human subjects, thereby 
compromising its clinical efficacy. However, the tissue distribution of 
resveratrol, specifically in the colon, suggests that resveratrol could be 
an attractive agent for colorectal cancer, while its lipophilic nature may 
be favourable for obesity-related cancers. Additionally, its unconven-
tional hormetic nature needs further investigation. 

In conclusion, we can enhance the bioavailability of resveratrol by 
developing new formulations. Nano-formulations could be the preferred 
approach, given their potential capacity to target selective sites and 
reduce toxicity. It seems reasonable to conduct new trials on resveratrol 
nano-formulations, or to follow-up and improvise on previously proven 
novel formulations. Given all the gaps mentioned, much work remains 
to be done before resveratrol can be considered a therapeutic agent for 
cancer therapy. 
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Fig. 3. Chemical structures of resveratrol and its major conjugated metabolites (A), and several derivatives (B). Middle: (1) Trans-Resveratrol. (A) Four major 
conjugated metabolites: (2) Trans-Resveratrol-3-O-sulfate, (3) Trans-Resveratrol-4′-O-sulfate, (4) Trans-Resveratrol-3-O-glucuronide, (5) Trans-Resveratrol-4′-O- 
glucuronide. (B) Derivatives: (6) Trans-3,5-dimethoxy-4′-hydroxystilbene, (7) Trans-3,5,4′-trimethoxystilbene, (8) Trans-3,4,5,4′-tetramethoxystilbene, (9) Trans- 
2,4,3′,4′,5′-pentamethoxystilbene, (10) Trans-Resveratrol-triphosphatase. 
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