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Natural polyphenols are organic chemicals which contain phenol units in their structures and possess antitumor
properties. However, a key problem is their short half-life and low bioavailability under in vivo conditions. Pterostilbene
(3,5-dimethoxy-4'-hydroxystilbene; PT) is a phytoalexin originally isolated from the heartwood of red sandalwood. As
recently reported by our group, PT was shown to be effective in the treatment of melanoma. Counterintuitively, PT is not
effective (cytotoxic) against melanoma in vitro, and only under in vivo conditions does PT display its anticancer activity.
This study elucidated that PT can be effective against melanoma through the inhibition of adrenocorticotropic hormone
production in the brain of a mouse, which weakens the Nrf2-dependent antioxidant defenses of melanoma and also
pancreatic cancers. This results in both the inhibition of tumor growth and sensitization of the tumor to oxidative stress.
Moreover, PT can promote cancer cell death via a mechanism involving lysosomal membrane permeabilization. Different
grades of susceptibility were observed among the different cancer cells depending on their lysosomal heat shock protein
70 content, a known stabilizer of lysosomal membranes. In addition, the safety of PT administered i.v. has been evaluated
in mice. PT was found to be pharmacologically safe because it showed no organ-specific or systemic toxicity (including
tissue histopathologic examination and regular hematology and clinical chemistry data) even when administered i.v. at a
high dose (30 mg/kg per day x 23 days). Moreover, new pharmacological advances are being developed to increase its
bioavailability and, thereby, its bioefficacy. Therefore, although applications of PT in cancer therapy are just beginning to
be explored, it represents a potential (and effective) adjuvant/sensitizing therapy which may improve the results of various
oncotherapies. The aim of this review is to present and discuss the results that in our opinion best support the usefulness
of PT in cancer therapy, making special emphasis on the in vivo evidence.
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| 1. Introduction

At present, combined therapies involving distinct molecular mechanisms are considered the most promising strategies for
cancer treatment. Although such combinations have shown efficacy in preclinical models, the results in clinical trials have
not been encouraging in many cases. This suggests that malignant cells (likely particular cell subsets), treated to block
specific pathways, find ways to adapt using alternative survival mechanisms. Based on available experimental evidences,
by increasing the efficacy of biotherapy, cytotoxic drugs, or ionizing radiation, and/or by directly promoting cancer cell
death, pterostilbene (PT) may be a useful agent to treat different established cancers. This prompted us to update which
evidence can support the potential use of PT in clinical oncotherapy.

PT (3,5-dimethoxy-4'-hydroxystilbene) is a polyphenol (compounds derived from the shikimate/phenylpropanoid and/or
the polyketide pathway, featuring more than one phenolic unit and without nitrogen-based functional groups) as well as a
phytoalexin (antimicrobial substance synthesized de novo by plants). PT is also the natural analog of resveratrol (3,5,4'-
trihydroxystilbene), but is a much stronger antifungal agent (>10 times) than resveratrol. Moreover, PT, with two methoxy
groups and one hydroxyl group, has greater lipophilicity and a higher potential for cellular uptake than resveratrol, which
has three hydroxyl groups .

PT, a secondary metabolite of plants originally isolated from the heartwood of red sandalwood (PTocarpus santalinus), is
also found in other plants and berries, e.g., blueberries (approx. 10-15 mg/kg of fresh weight) @&l A resveratrol O-
methyltransferase, which catalyzes the synthesis of PT from resveratrol, was identified in grapevine leaves where it is
induced by different types of stress [, Indeed, PT is involved (as are other natural polyphenols) in plant defense against
different stressful conditions, i.e., UV radiation, aggression by pathogens, low soil fertility, high/low temperatures, severe
drought, or grazing pressure =],

Based on reported experimental evidence, PT has potential health benefits in inflammatory dermatoses, photoprotection,
cancer prevention and therapy, insulin sensitivity, blood glycemia and lipid levels, cardiovascular diseases, aging, and
memory and cognition A&,



Cancer cells exhibit high levels of oxidative stress, as compared to their normal counterparts [&. A rise in intracellular
reactive oxygen species (ROS) levels has two potentially important effects: damage to various cell components and
triggering of the activation of specific signalling pathways. Both effects can influence numerous cellular processes linked
to cancer progression. ROS have been shown to promote the proliferation of cancer cells, which highlights their cancer
promoting potential. The exposure of several cancer cell lines to inflammation- or chemically induced ROS boosts their
migratory and invasive behaviors, hence suggesting a role of these reactive species in favoring the invasive phenotype.
Besides, it is well known that exposure to ROS above a certain threshold irreversibly leads to cell damage, and eventually
to cell death PQLLIA2 Therefore, the net result of pro- and anti-cancer ROS effects may likely determine the rate and
extent of in vivo tumor progression. Based on this reasoning, elevated rates of intrinsic reactive oxygen species (ROS)
generation may confer a higher susceptibility of cancer cells to further oxidative stress induced by treatments. However,
due to the innate characteristics of in vivo growing cancers, this strategy could facilitate the selection of cancer cell
subclones highly resistant to therapies. In this scenario, increased ROS generation could contribute to the ability of
cancers to mutate, injure local tissues, and promote tumor heterogeneity and metastases 13, Paradoxically, by reducing
the redox stress in cancer cells, antioxidant supplements (and pharmaceuticals) could decrease the effectiveness of
radiotherapy and chemotherapy. However, as reported by our group, PT was shown to be effective in the treatment of
malignant melanoma. Counterintuitively, PT was not found effective (cytotoxic) in vitro, only in vivo. PT can be effective
against melanoma by decreasing adrenocorticotropin hormone (ACTH), which interferes in the Nrf2-dependent activity in
the metastatic cells 14, Nrf2 is a transcription factor that regulates the expression of antioxidant and defense proteins that
protect against oxidative damage triggered by injury and inflammation 4. In fact, in many cancer cells the Keapl-
mediated Nrf2 downregulation is abolished or diminished, thus generating an addiction to Nrf2 and, thereby, favoring
cancer cell defenses and progression 12!,

| 2. Metabolism and Pharmacokinetics

Regarding potential applications of PT in cancer therapy, its administration (depending on the indication) can be carried
out orally, i.v., or topically.

Orally administered polyphenols, including PT, undergo rapid conjugation in the intestinal tract of humans and rodents.
Polyphenol aglycones, when absorbed by intestinal enterocytes, undergo extensive phase Il metabolism via uridine 5'-
diphospho-glucuronosyltransferase isoforms. Conjugates are absorbed with very little of the free chemical structure
gaining access to the systemic blood circulation. Moreover, polyphenol aglycones present in the blood undergo further
(and also rapid) metabolism in the liver to methylated, glucuronidated, and/or sulfated conjugates. These features, as well
as the mechanisms of elimination in the urine and via the biliary tract, as well as recycling by the intestinal tract, have
been reviewed in detail (e.g., Estrela 2013, Liu 2020) ],

Available data strongly suggest that natural polyphenols and their derivatives are biologically more active than their
metabolites. Therefore, orally administered polyphenols are unlikely to be systemically effective unless their biological
effects are not inactivated by conjugation, and/or the free polyphenol can be released by the hydrolysis of conjugates and
taken up by cancer cells in sufficient amounts to generate pharmacologically active concentrations. These limitations may
be minimized in the case of primary tumors of the gastrointestinal tract where the orally administered polyphenol can
directly reach the growing tumor.

Alternatively, PT can be administered i.v. When 20 mg/kg of PT was administered i.v. to mice, pharmacokinetics studies
showed a peak of approximately 95 pM in plasma 5 min after administration, which then rapidly decreased to about 20 uM
at 60 min and 2 uM at 240 min. Potential recycling did not further increase PT plasma levels (approx. 1 yM 480 min after
i.v. administration) [28l. Plasma and total blood levels were not significantly different 28l Tumor levels of PT, following i.v.
administration, were even lower. For example, after the i.v. administration of PT at 30 mg/kg, the highest concentration
range observed in the plasma of nude mice bearing different human melanomas was 98-116 pyM 5min after
administration. These levels decreased rapidly to approximately 1 uM at 480 min. PT levels in tumors were measured in
parallel and also reached the highest concentration (28-33 pM) 5 min after administration, whereas the lowest
concentration (~1 pM) was measured at 180 min. The half-life of PT in in vivo growing melanoma tumors was of 36—40
min 24 These experimental data clearly exemplify the limitations of bioavailability that PT has (and polyphenols in
general) and that temper its potential efficacy under in vivo conditions.

The topical administration of PT to cutaneous cancers, located in the skin and/or subcutaneous tissues, does not have the
bioavailability problems mentioned above. Skin keratinocytes have different phase | (reduction/oxidation) and Il
(biotransformation) enzyme activities LAIL8] Accordingly, we found that topically administered PT (using liposomes as



carriers) completely prevents chronic UVB-induced skin carcinogenesis 1. This anticarcinogenic effect was associated
with the maintenance of skin antioxidant defenses and the inhibition of UVB-induced oxidative damage 19 Therefore, the
anticancer activity of PT did not depend on direct antioxidant activity of the molecule itself.

| 3. Toxicity

In Swiss mice fed with a PT-enriched diet at doses of 0, 30, 300, and 3000 mg/kg body weight/day red blood cell number
and the hematocrit increased (approx. 25%) compared to control mice, whereas biochemical parameters were not
significantly affected. Histopathology, hematology, clinical chemistry, and urinary balance studies found no alterations
induced by PT as compared to controls 29, thus concluding that orally administered PT, even at the highest dose
administered, was nontoxic. More recent studies suggest a no-observed-adverse-effect-level (NOAEL) of 200 mg of 3'-
hydroxy-pterostilbene (a natural PT analog)/kg body weight/day in rats after oral administration (211,

At present, there are 13 registered clinical trials under www.clinicaltrials.gov (accessed on 14 February 2021) where PT

has been used in humans, alone or in combination with other compounds. Based on the available data, orally
administered PT appears safe at a dose of 125 mg twice daily (NCT01267227) [22. Safety concerns forced a previous trial
to stop, where the safety and activity of SRT501 (a formulation of resveratrol claimed to increase its in vivo bioavailability),
alone or in combination with bortezomib, were being evaluated (NCT00920556). In this trial, where 5g of SRT501/day was
administered orally for 20 consecutive days, kidney damage developed in some patients, thus raising the question of
whether high doses (>1 g/day), administered chronically could pose toxicity problems.

Intravenous administration has been also evaluated in nude mice. PT was found to be pharmacologically safe (no organ-
specific or systemic toxicity, i.e., tissue histopathologic examination and regular hematology and clinical chemistry data)
even when administered i.v. (dissolved in DMSO:ethanol [2:1]) at a dose of 30 mg/kg per day x 23 days 23, or at a dose
of 40 mg/kg every 48h x 5 weeks 4. The i.v. administration has never been tried in humans. However, the availability of a
hydrosoluble disodium salt of PT phosphate (e.g., www.lgcstandards.com, accessed on 14 February 2021) may facilitate
its use in cancer.

4. Pharmaceutical Formulations, Structural Modifications, and Delivery
Systems

As it is in general the case for all natural polyphenols, the low systemic bioavailability of PT limits is anticancer potential.
Consequently, methods to improve its absorption rate and pharmacokinetics, and thereby its bioavailability, would
positively affect its therapeutic efficacy. On this issue and regarding polyphenols in general, different options have been
recently discussed (see, e.qg., Estrela 2017) (24, potential options to increase PT bioavailability may include:

(a) Prodrugs (i.e., carboxyesters, sulfonates, sulfates, phosphates, acetals, carbamates, and carbonates). The availability
of a phosphorylated salt of PT, which increases its polarity and water solubility, has been mentioned above). Prodrugs in
which the hydroxyl moiety is reversibly protected as a carbamate ester linked to the N-terminus of a natural amino acid
(isoleucine or B-alanine) afforded increased absorption, reduced metabolism and higher concentrations of PT, sustained
ffor several hours, in different organs (23], Bis(hydroxymethyl)propionate analogs of PT have shown high anticancer activity
against cisplatin-resistant human oral cancer cells [28],

(b) Solubilizing the compound in an organic solvent and subsequently adding it into an aqueous phase that contains a
suitable stabilizer results in an emulsion. The homogenization of the emulsion and dilution in water may favor the
precipitation of uniform nanopatrticles. For instance, this methodology increases, e.g., curcumin bioavailability several fold
(27, |n nanoemulsions, the higher unsaturation levels of lipids improved the lipid digestibility and PT bioaccessibility 28],
(c) Polyionic/polymeric shells encapsulating nanopatrticles, solid lipid nanoparticles, or the conjugation of nanopatrticles
with ligands such as folic acid (which may recognize specific cell surface molecules in target cells), are additional options
(291 Moreover, an antibody-4arm-polyethylene glycol-PT conjugate has been synthesized for the targeted co-delivery of
anticancer drugs to solid tumors B9, Zein/fucoidan nanoparticles are a promising delivery carrier for the encapsulation,
protection, and release of PT B, Whereas poly(2-oxazoline)-PT block copolymer nanoparticles, where a poly(2-
methylsuccinate-2-oxazoline) segment conjugates PT, can be also used for dual anticancer drug delivery 22,

(d) Liposomes. For instance, lipophilic 3-oxo-C(12)-homoserine lactone and stilbene derivatives can be loaded into
liposomal lipid bilayer with efficiencies of 50-70% 3], |iposome-engulfed PT was highly efficient for the topical
administration of PT 12, Nevertheless, it has not been assayed for parenteral administration yet.

e) Implantable drug delivery systems, such as Alzet-like reservoir pumps (ALZA/Durect Corp., Cupertino, CA) (controlled-
release drug delivery which use osmotic gradients generated after their subcutaneous implantation); or matrix-type




|mp|ants, which entrap the drug in a polymeric matrix and can provide high local concentrations of the drug and/or release
it slowly into the blood circulation 241,

(f) Exosomes represent good vehicles due to their biocompatibility, stability in blood circulation, and even ability to target
them to certain cell and tissue types. These carriers have already been used for other polyphenols 24, and its use has
been suggested for PT (23],

(g) Cocrystals. The propensity of PT to form cocrystalline materials with active pharmaceutical ingredients was first
studied by Schultheiss et al. [, who found that the caffeine cocrystal solubility was 27x higher than the PT solubility. The
same authors also reported the cocrystallization of PT with carbamazepine 4. More recent advances are under
development (e.g., www.circecrystal.com, accessed on 14 February 2021).

5. Anticancer Effects and Mechanisms

Here, we will summarize published reports that have examined the anticancer effects of PT under in vitro (Table 1) and in
vivo (Table 2) conditions. In order for a publication to be included in Table 1, and reviewed here, a minimum of two cell
lines needed to be examined unless PT was being examined in combination with another molecule. PT has garnered
increasing interest from cancer researchers over the last decade as a natural molecule with anticancer properties that has
been shown to be safe for human use (see above).

Table 1. PT and cancer cells under in vitro conditions: effects and proposed mechanisms. NSCLC: non-small cell lung

cancer.
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Table 2. PT and cancer: in vivo evidences. AOM: azoxymethane; HCC:

tetradecanoylphorbol-13-acetate.

hepatocellular carcinoma; TPA: 12-O-
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