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Phytoalexins such as resveratrol and pterostilbene, produced de novo by many plant species, including
grapevine (Vitis vinifera), play a role in plant defense against injury and pathogens. In human cell lines
and in animal studies, phytoalexins have been shown to be highly beneficial, with protective effects
against cancer, cardiovascular disease, neurodegenerative diseases, diabetes, hyperglycemia, as well as
potential effects on longevity. However, in clinical studies, there are multiple factors that restrict this
plethora of health benefits attributed to phytoalexins. One of these barriers is rapid metabolism in the
intestines and liver. As a means to overcome this barrier, there is evidence that retaining resveratrol in
the mouth for extended periods allows for higher plasma levels of resveratrol. Processing, transport or
storage may cause degradation due to light and air exposure. When the berries have been picked, they
may not be at their peak phytoalexin production due to lack of elicitor induction. To overcome these bar-
riers inherent in phytoalexin production and uptake, it is proposed that berries and possibly the edible
leaves be directly ingested off of a grapevine, without harvesting. In addition to the benefit of removing
these barriers to potential health benefits, this method introduces a variety of known phytoalexin elici-
tors, in the form of plant wounding and human saliva, which may enhance the levels of phytoalexins dra-
matically. The combined effect of multiple phytoalexins may also play a role in enhanced health benefits.
To test this hypothesis, experiments with direct ingestion would be performed, followed by testing the
participants’ plasma levels of resveratrol and potentially other phytoalexins. Proposed variables to be
tested include: different subjects, elicitors, cultivars of grapevine, ripeness of fruit, and a range of time
for the ingestion process. The potential implications include a direct means of obtaining, in clinically ben-
eficial doses, the tremendous health benefits that have been documented for phytoalexins in vitro and in
animal studies, but that have so far remained elusive in clinical studies. This study on direct ingestion
may lead to alternative methods for obtaining these clinically beneficial doses.

� 2015 Elsevier Ltd. All rights reserved.
Introduction

Phytoalexins such as resveratrol and pterostilbene are produced
de novo in the plant as an inducible defense mechanism against
injury or pathogens such as bacteria and fungi. They are broad
spectrum inhibitors which are detrimental to pathogens: inhibit-
ing metabolism, delaying maturation, and/or breaking down the
cell wall. There are 350 known phytoalexins [1].

A variety of abiotic and biotic elicitors can affect the production
of phytoalexins. Some examples of elicitors for resveratrol are
ultraviolet C radiation (UVC), wounds, fungal infection and ozone
[2]. Methyl jasmonate, a volatile organic compound, is produced
in reaction to predators, pathogens, UVC, temperature variation
and osmotic stress. In turn, methyl jasmonate induces production
of phytoalexins [3]. Pterostilbene is present constitutively in
grapevine, but the mildew Plasmopara viticola can greatly increase
its production [4].

Beyond their defensive role in plants, phytoalexins also have
beneficial effects in humans. Resveratrol is widely known as an
antioxidant, present in more than seventy species of plants, and
found in high concentrations in red wine, grapes, and peanuts. It
has protective effects against neurodegenerative diseases, cancer,
and cardiovascular disease [5–7]. It also plays a role in longevity
in various organisms, including studies in which mice on a high
calorie diet had a lengthened lifespan, similar to that of mice on
a standard diet [8].

In vitro, resveratrol has been shown to inhibit a wide variety of
human cancer cell lines: skin, colon, lung, breast, pancreas, pros-
tate, and liver. It does this through a wide variety of mechanisms
of action: causing apoptosis, blocking cell proliferation and block-
ing cell cycle progression [9]. Studies conducted in vivo in chemi-
cally induced carcinogenesis rat models resulted in effects in
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tumors accessible to the orally delivered resveratrol: tumors of the
esophagus [10] and colon [11]. Also, mammary gland tumors were
affected by resveratrol in rats [12]. While these in vitro and animal
studies are promising, showing efficacy in human clinical trials
with resveratrol has been slow partly due to the ‘Resveratrol Para-
dox’, in which resveratrol has low bioavailability but high bioactiv-
ity in the body [9].

In addition to inducing production of phytoalexins, methyl jas-
monate causes apoptosis in human cancer cells and inhibits cancer
cell growth, migration and proliferation [3]. It may also act as a
chemosensitizer to chemotherapeutics, preventing drug resistance,
while remaining completely non-toxic to normal cells. So methyl
jasmonate is a promising therapeutic by itself as well as in combi-
nation with chemotherapy [3].

Pterostilbene has shown effectiveness in hyperglycemic rat
models as well as being used in traditional medicine for diabetes
treatment. Additionally, it has hypolipidemic properties, compara-
ble to standard-of-care fibrate lipid-lowering drugs [4].
Hypothesis

These documented health benefits of phytoalexins are promis-
ing, but there are hurdles in translating the health benefits into
human clinical studies. For the purpose of this hypothesis, we
would like to concentrate on grapevine (Vitis vinifera), the best
known source of resveratrol as well as other phytoalexins. To over-
come hurdles in human clinical studies, methods must be found to
increase oral bioavailability. Pre-harvest and post-harvest treat-
ment of the grapevine also play a role. This includes the use of elic-
itors, as they are expected to enhance the phytoalexin content.

So in order to overcome the barriers inherent in phytoalexin
levels and bioavailability when harvesting and ingesting berries,
we propose that berries and possibly the edible leaves be directly
ingested off of a grapevine, without harvesting. The combined
effect of wounding, through biting, and possibly saliva acting as
elicitors may enhance the grapevine’s production of phytoalexins
dramatically. The direct contact ensures that phytoalexin degrada-
tion does not take place. To ensure that the oral bioavailability is
sufficient, eating should be for a sufficient time to activate plant
defenses, including phytoalexins, and may involve returning to
eating after an interval of time. The additive effect of multiple phy-
toalexins present in the berries and leaves may also play a role in
enhancing potential health benefits. The scientific evidence sup-
porting all of these concepts will be explored further in this article.
Evaluation of hypothesis

There are several important factors that can greatly limit or
enhance the anti-cancer and other medical benefits of resveratrol
obtained from red wine, grapes or peanuts. The rapid metabolism
and subsequent reduced bioavailability of the phytoalexin is a
major factor in limiting its cancer and disease-fighting properties
in clinical studies. Resveratrol undergoes rapid sulfate conjugation
in the liver and intestines, which severely inhibits its bioavailabil-
ity [9]. The absorption, metabolism and bioavailability of resvera-
trol at 25 mg doses in 6 human subjects was examined in a
study by Walle et al. [9]. In these subjects, 70% of resveratrol was
absorbed, but 99% of this was quickly metabolized. The half-life
was 9 h for resveratrol and its metabolites. After 12 h, 70% was
excreted. In other studies, similar results were obtained utilizing
ex vivo, in vivo and in vitro models, showing 75% excretion [13].
Interestingly, while the overall bioavailability of resveratrol was
low, it was found to accumulate in epithelial cells lining the
aerodigestive tract. This accumulation of resveratrol and poten-
tially its metabolites may have anti-cancer and other effects [13].
Pterostilbene has a higher bioavailability than resveratrol, as it’s
absorbed into cells more efficiently and is more resistant to degra-
dation and elimination. It has a 67–94% oral bioavailability in rats
and a half-life from 78 to 104 min [14].

There is evidence from several small human studies that resver-
atrol reaches higher plasma levels when delivered through muco-
sal tissues of the mouth for an extended period of time. Resveratrol
is rapidly metabolized in the intestines and liver when swallowed
rapidly, as was shown in the Walle et al. studies, which involved 6
participants [9]. In this study, 25 mg of resveratrol was directly
swallowed, and only trace amounts of 5 ng/ml or less of resveratrol
could be detected in plasma, at time points ranging from 0 to 72 h.
In contrast, in a study by Asensi et al. with 4 human participants,
1.2 mg of trans-resveratrol in a 50 ml solution was administered
orally, and participants held the solution in their mouths for
1 min [15]. Plasma levels of resveratrol measured 2 min later
revealed levels of 37 ng/ml. Clearly more studies need to be con-
ducted, but this is an indication that there may be higher plasma
levels of resveratrol when contact with the mucosal membranes
of the mouth is carried out for an extended period.

In the case of ingesting grapes, ‘‘best absorption occurs in the
mouth or as it trickles down into the stomach”, according to
Stephen Taylor, professor of pharmacology at the University of
Queensland. Perhaps ‘‘one should slowly chew the red grape skins,
to release the resveratrol slowly into the mouth, before swallow-
ing.” In this way, the resveratrol absorption is enhanced because it
makes contact with the mouth for a longer period, and the amount
of resveratrol reaching the circulation is thought to be as much as
100 times greater (Stephen Taylor, personal communication).

To emphasize the importance of this oral absorption of
resveratrol and other phytoalexins, there is a patented method
for incorporating pterostilbene and/or resveratrol into a chewable
carrier, sponge or thin film designed to be in the mouth for 20 s to
20 min. This is to ensure absorption specifically through the
mucous membranes of the mouth. Carriers consist of chewing
gum, taffy, caramel candy, hard candy, etc. [16].

Aside from oral bioavailability, another aspect to consider is
whether the initial concentrations of phytoalexins in grapevine
are high enough to reap the health benefits in human clinical stud-
ies that have been shown in animal studies and in human cell lines.
There are a few clinical studies that have evaluated patient intake
of resveratrol under a range of concentrations, and the subsequent
effects on predictors for cancer prevention. Brown et al. examined
two indicators of tumor formation and metastasis: insulin-like
growth factor 1 (IGF1) and IGF-binding protein 3 (IGFBP3) [17].
The researchers monitored circulating levels of IGF1 and IGFBP3
after forty volunteers ingested 0.5, 1.0, 2.5 or 5 g/day of resveratrol
for 29 days. They found that 1 g/day significantly lowered
plasma IGFBP3 compared with pretreatment baseline levels, and
2.5 g/day reduced IGF1 levels significantly, which supports resver-
atrol as a potential chemo preventative supplement in humans.

If berries are directly ingested, or wine is imbibed, the amount
of resveratrol is orders of magnitude lower than the 1–2.5 g/day
which was shown to have chemo preventative benefits in the
Brown et al. study [17]. Grape skin contains a range of resveratrol:
depending on the variety, it ranges from 20 to 100 lg, and red wine
contains 1.5 to 3 mg/L resveratrol [18]. A glass of red wine has
around 1000-fold less resveratrol than the levels shown to have
health benefits by Brown et al. under the conditions tested [17].

However, there is recent evidence that resveratrol, at extremely
low concentrations, has a protective effect in cells. Resveratrol has
a similar binding site to the amino acid tyrosine, and therefore fits
into the active site pocket of TyrRS (tyrosyl transfer RNA
sythetase), which would normally bind to tyrosine [19]. When
resveratrol binds TyrRS, the enzyme moves into the cell nucleus,
where it then activates genes with protective effects, such as
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P53, an anti-tumor gene. TyrRS also activates so-called ‘‘longevity”
genes. One such gene is PARP1, which plays a role in DNA damage
repair, and is implicated in aging [20]. The resveratrol-TyrRS acti-
vation of PARP1 occurs at extremely low concentrations (10 nM),
which is about one thousand times lower than doses shown in pre-
vious studies examining the protective effects of resveratrol. This is
significant evidence for the potential health benefits that may be
acquired from naturally occurring levels of resveratrol in wine or
berries.

Another consideration is that while studies often examine the
health benefits of individual phytoalexins, there are potential ben-
efits of combined effects of multiple phytoalexins. In a study by
Mikstacka et al., resveratrol in combination with pterostilbene or
quercetin were tested against human erythrocytes to see their
effectiveness in protecting erythrocyte membranes from lipid
peroxidation [21]. Resveratrol with pterostilbene or quercetin pro-
vided antioxidant effects by synergistically inhibiting oxidative
injury of membrane lipids in human erythrocytes. However,
resveratrol was significantly less effective when used separately.

There is further evidence of the effectiveness of multiple ele-
ments within the berry acting synchronously, in the first phase 1
clinical trial of resveratrol treatment of cancer patients conducted
by Nguyen et al. [22]. Patients with colorectal cancer were treated
for 14 days at doses up to 80 mg/day with resveratrol or at doses of
80–120 g/day with grape powder. The most significant effects were
observed with low dose grape powder. It inhibited a key signaling
pathway involved in colon cancer initiation, the WNT pathway, in
the normal colonic mucosa.

Another factor that can inhibit the full potential of resveratrol
and other phytoalexins present in food is the way in which the
food is processed. Nutrient loss occurs rapidly and sometimes
extensively, depending on how food is processed, transported
and stored. For example, there is a rapid loss of Vitamin C from
breast milk once it is expressed and stored [23]. Even freshly
expressed milk fed from a bottle has diminished Vitamin C levels.
When harvesting plants, nutrient loss begins from the time a plant
is cut, and continues with each step of transport and processing.
Studies have shown loss of Vitamin C from a variety of vegetables,
an indicator of overall nutrient loss, even when the vegetables are
sold fresh (rather than dried or frozen) [24].

In the same way, phytoalexins are also sensitive to degradation.
Agnes M. Rimando, Ph.D., a research chemist with the USDA’s Agri-
cultural Research Service, has stated that ‘‘For reasons that are not
clear, pterostilbene is normally not found in wine. This may be
because it is unstable in light and air, which makes it less likely
to survive the wine-making process” [16]. Pterostilbene and
resveratrol are in fact highly sensitive to oxidation from air and
light. In order to isolate these phytoalexins, the extraction must
be protected from light and under nitrogen [25].

To gain the greatest benefit from directly ingested grapes and
leaves attached to the grapevine, it’s beneficial to understand
where and how phytoalexins are synthesized and distributed
within the plant, especially under the effects of elicitors. Resvera-
trol is biosynthesized, distributed and accumulates in many differ-
ent parts of the grapevine: in the berry, shoot tip, petiole, stem,
axillary bud, root and leaf. It accumulates to a different extent
depending on the part of the plant. For example, it’s barely
detected in the flesh of the berry, but it’s present in high concentra-
tions in the berry skins and seeds [2]. Even different genotypes of
grapevine have a wide variation in the concentration of resveratrol
in the berry seeds and skins. Trans-resveratrol can transport to and
accumulate in different parts of the plant with different elicitors.
UVC radiation, wounds, and fungal infections have caused the syn-
thesis of resveratrol in leaves as well as berries. Studies have
shown that trans-resveratrol is synthesized and accumulates in
one leaf of a grapevine shoot after 10 min of treatment with UVC
[2]. This also caused accumulation of trans-resveratrol in a nearby
untreated leaf due to transfer through the phloem. There was also
accumulation of resveratrol in the xylem, which is a transport sys-
tem for the roots [2]. Other researchers have shown a range of
resveratrol accumulation, depending on the elicitor. When UVC
was used as an elicitor in peanut plant leaves, there was more than
a 200-fold increase in resveratrol. Paraquat caused a 20-fold
increase, and wounding, peroxide, and salicylic acid caused a 2–
9-fold increase in resveratrol 24 h after treatment [26].

Interestingly, the stage of fruit ripening is also a factor in the
effect of elicitors on the levels of trans-resveratrol. With methyl
jasmonate treatment pre-harvest, the highest level of stilbenes
were observed when berries were young, with gradually less accu-
mulation of stilbenes as the berries ripened [27]. Within the grape-
vine cultivar, ‘‘Barbera”, resveratrol and e-viniferin levels
significantly increased during fruit ripening and methyl jasmonate
treatment [28].

Recent research has implicated the root system in playing an
important role in plant defense. It’s critical to consider the reac-
tions that take place in the roots as this plays a role in enhancing
pre-harvest concentrations of resveratrol and other phytoalexins
in the berries and leaves, which is beneficial when they are directly
ingested from the grapevine. An early example of this root-to-
shoot transport of plant defense agent was discovered in 1942
[29]. By detaching the roots from the tobacco plant, Nicotiana,
Dawson observed that nicotine was synthesized in the roots. He
proposed that it was normally transported to the leaves through
the xylem and phloem. In the tobacco leaf, nicotine is an insectici-
dal agent, used by the plant as a defense, and used as a pesticide by
farmers.

Roots play a major role in plant defense in reaction to above-
ground herbivory, through elaborate shoot-to-root communica-
tion. Insect elicitors of the plant defense system are present in an
insect’s oral secretions, regurgitant, saliva and oviposition liquid
[30]. When the insect attacks the leaf, these elicitors induce a cas-
cade of cell signaling that initiates in the leaf, is transmitted
through the phloem, the xylem, and to the roots, where multiple
secondary metabolites that are insecticidal are produced. These
metabolites, some of which are toxic, and some of which alter
the plant to be less palatable, are transmitted back through the
xylem and phloem to the leaves, providing a defense against above
ground herbivores [30]. This cell signaling has been shown to
involve activation of mitogen-activated protein kinases, induction
of calcium ion fluxes, and production of reactive oxygen species
[31]. Jasmonic acid, which is known to enhance resveratrol produc-
tion, is also involved in this shoot-to-root signaling [32]. Jasmonic
acid is converted to its derivative, methyl jasmonate, a phy-
toalexin. So plant defense agents, possibly including resveratrol
production, are synthesized as a response to these elicitors.

Plant defenses may be initiated in much the same way by
human saliva and wounding (biting) a plant as an insect’s oral
secretions and saliva and wounding of a plant initiate plant
defenses. Interestingly, Charles Darwin reported research on the
effect of elicitors on flesh and insect-eating plants in his book,
‘‘Insectivorous Plants”, which he published in 1875. He found
human saliva, among other elicitors, to cause a physical reaction
in the sundew Drosera rotundifolia and butterwort [33]. In another
study by Mattiacci et al., plants treated with human saliva emitted
a volatile bouquet similar to that of caterpillar damaged plants. The
researchers saw a similar induction with the salivary secretions of
feeding herbivores initiating the signal transduction leading to a
plant defense response, resulting in plant volatiles [34].

For the purposes of this proposed study or subsequent studies,
another factor to take into consideration is the pre-harvest use of
elicitors to increase phytoalexins. In studies by Ruiz-Garcia, pre-
harvest treatment with methyl jasmonate increased resveratrol
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levels in grapevine cultivars [32]. Iriti et al. conducted a pre-
harvest treatment of a Merlot cultivar of grapevine with benzoth-
iadiazole, and this enhanced trans-resveratrol content in berries by
40% [35]. In a study by Larronde et al., atmospheric methyl jas-
monate (400 nmol/L) was shown to increase stilbene content [27].

So while phytoalexins have known anti-cancer, cardiovascular,
anti-disease and longevity benefits, there are clearly barriers to
obtaining sufficient amounts of phytoalexins when consuming
grapes. These barriers include rapid metabolism in the body and
fast movement through the oral cavity, limiting plasma levels. If
the phytoalexins are isolated, or the berries are processed (as with
wine) or stored (for fresh transport), there is an expected degrada-
tion from light and air exposure. At the time of harvest, berries may
not be at their peak phytoalexin production due to lack of elicitor
induction. The focal point of this hypothesis is ingestion of leaves
and berries directly from the grapevine, and the effect on resvera-
trol and phytoalexin production and bioavailability. There are
several possibilities that should be considered. The first is that
direct ingestion of berries and leaves makes no difference in
phytoalexin production and bioavailability. The second possibility
is that direct ingestion enhances phytoalexin production and
bioavailability because one or more factors play a role: prevention
of nutrient loss, enhancement of oral bioavailability, and thirdly,
increased production of plant defense agents due to elicitors such
as wounding and saliva.

In order to overcome the barriers inherent in resveratrol and
other phytoalexin uptake when ingesting berries, we propose that
berries and possibly the edible leaves be directly ingested off of a
grapevine, without harvesting. The production of phytoalexins by
the plant may be increased through the combined effect of
wounding (biting) and possibly saliva as elicitors. The issues with
phytoalexin stability post-harvest would likely be alleviated
through the direct form of ingestion. Also, oral bioavailability
would be greatly enhanced through eating for a sufficient time to
activate phytoalexin production, and then possibly eating multiple
times at intervals. Finally, this addresses the likely possibility that
the effects of multiple phytoalexins will work together for
enhanced health benefits, and we are more likely to capture these
effects through direct ingestion.

In order to test this hypothesis, a series of experiments may be
conducted in which participants eat berries and/or leaves directly
from a grapevine, without harvesting. Subsequently, the partici-
pants’ plasma levels of resveratrol would be tested. The variables
to test may include, but not be limited to the following. Different
subjects and cultivars of grapevine may be included in the testing.
The subjects would eat for various amounts of time directly off the
grapevine, from the berries and/or the leaves. Testing may include
a range in total amount ingested, as well as a range in time period
during which the berries and/or leaves are held in the mouth,
which would increase bioavailability. A variety of pre-harvest elic-
itors may be considered for testing, such as UVC and methyl jas-
monate. Ripe fruit versus young fruit would be another variable
to test. This may be tested over several days, as phytoalexin pro-
duction is transient, possibly peaking at 24 h according to some
studies. Also, the researcher may want to include controls such
as subjects who drink wine with a defined resveratrol content
and/or are administered resveratrol tablets. Precautions should
be taken and subjects monitored as the plant defense response
may produce an undesired product or products in the berries or
leaves. Similar experiments may be performed to test plasma
levels of other phytoalexins, if possible.

Consequences of the hypothesis and discussion

Over the last 20 years, plant-derived drugs have accounted for
25% of all pharmaceutical drugs, and another 25% are derived from
chemically altered natural products. However, there remains abun-
dant potential for health benefits derived from novel plant-derived
drugs, as only 5% to 15% of 250,000 higher plants have been tested
for bioactive compounds [36].

The extensive health benefits of resveratrol and other phy-
toalexins cannot be debated, as there are many in vitro and animal
studies which show protective effects against cancer, cardiovascu-
lar disease, neurodegenerative diseases, diabetes, hyperglycemia,
as well as potential effects on longevity. So far, human clinical
studies have been more elusive in exhibiting clear results. As dis-
cussed, there are a multiplicity of factors that may hinder results
in human clinical studies. By addressing all of these factors in a ser-
ies of experiments, we are likely to see promising results. Once ini-
tial experiments are done, this may need further refinement to
define which elements are specifically acting to enhance blood
levels of resveratrol and other phytoalexins. Additionally, this
hypothesis may be tested in other plant species in addition to V.
vinifera. There may be some conclusions reached through these
experiments that lead to other novel methods of obtaining the
maximum health benefits from phytoalexins. Through these exper-
iments, we may overcome the roadblocks in what may prove to be
an outstanding therapeutic.
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