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ABSTRACT

Flavonoids and other polyphenols are ubiquitous plant chemicals that fulfill a range of ecologic roles for their home plant, including protection

from a range of biotic and abiotic stressors and a pivotal role in the management of pathogenic and symbiotic soil bacteria and fungi. They form

a natural part of the human diet, and evidence suggests that their consumption is associated with the beneficial modulation of a number of

health-related variables, including those related to cardiovascular and brain function. Over recent years, the consensus as to the mechanisms

responsible for these effects in humans has shifted away from polyphenols having direct antioxidant effects and toward their modulation of

cellular signal transduction pathways. To date, little consideration has been given to the question of why, rather than how, these plant-derived

chemicals might exert these effects. Therefore, this review summarizes the evidence suggesting that polyphenols beneficially affect human brain

function and describes the current mechanistic hypotheses explaining these effects. It then goes on to describe the ecologic roles and potential

endogenous signaling functions that these ubiquitous phytochemicals play within their home plant and discusses whether these functions drive

their beneficial effects in humans via a process of “cross-kingdom” signaling predicated on the many conserved similarities in plant, microbial,

and human cellular signal transduction pathways. Adv. Nutr. 5: 515–533, 2014.

Introduction
It is generally accepted that the consumption of dietary poly-
phenols derived from fruit, vegetables, and other plant-
derived foods may confer a number of health benefits,
including to cardiovascular and brain function. An extensive
and expanding literature describes how, in mechanistic
terms, polyphenols may exert these effects, with the predom-
inant current theory being that they do so via interactions
with mammalian cellular signal transduction pathways.
However, the question of why these phytochemicals have
these effects has been primarily overlooked. Therefore, the
current review summarizes both the evidence that polyphe-
nols do indeed affect human brain function (with reference
to cardiovascular function when relevant) and their sug-
gested modes of action. It then goes on to consider why these
compounds exert these effects, specifically whether their
modulation of diverse physiologic variables in mammals is
in fact related to the ecologic “secondary metabolite” roles

and the endogenous signaling roles that the polyphenols
are trying to play for, and within, their own home plant.

The “phenolics” represent a large group of ubiquitous
phytochemicals that incorporate within their structure
$1 phenyl aromatic hydrocarbon ring with $1 hydroxyl
group attached. Within this broad chemical group, polyphe-
nols represent a group of more complex phenolic structures
that combine a shikimate pathway–derived cinnamic acid
starter unit (cinnamoyl-CoA) with malonyl-CoA, which is
derived via the acetate pathway. The majority of polyphenol
groups incorporate 3 malonyl-CoA units and start with an
identical polyketide before differentiating into stilbenes,
which have a comparatively restricted distribution, and
chalcones on the basis of the their first enzymatic step (stil-
bene synthase vs. chalcone synthase). The chalcones go on to
act as the precursors for the entire flavonoid group of struc-
tures, which incorporates >8000 secondary metabolite com-
pounds that are found ubiquitously across plants and plant
tissues. The flavonoids share a common underlying struc-
ture of 2 six-carbon rings, with a three-carbon bridge, which
usually forms a third ring (1), and the wider group can be
further subdivided into the groups represented in Figure 1.
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Polyphenols are an unavoidable component in the hu-
man diet. We obtain them from fruit, vegetables, cereals,
seeds and beans, spices and herbs, oils, and all of the food
products made from these basic components. Typically,
the greatest quantities are consumed in the form of alcoholic
and nonalcoholic beverages, such as wine and tea, fruit and
fruit juices, and vegetables (2). Food diary studies suggest a
wide variability in flavonoid consumption. For instance, the
populations of the United States, Spain, and Australia were
estimated to consume ~190, 313, and 454 mg/d flavonoids,
respectively, with the largest part being taken in the form of
flavanols and their oligomers and polymers (2–4). Evidence

also suggests that the consumption of dietary flavonoids is
typically outweighed by simpler phenolics. For instance, a
study conducted in Finland demonstrated a mean consump-
tion of 222 mg/d flavonoids and 640 mg/d phenolic acids
(mainly via chlorogenic acid from coffee) (5). Similarly, a
French cohort consumed a mean of 1193 mg/d phenolics,
of which phenolic acids contributed 639 mg (6).

Current Status of Knowledge
Polyphenols and human brain function
Epidemiologic evidence suggests that the consumption of
polyphenols confer a wide range of health benefits. For

FIGURE 1 Structure and synthetic pathways of the flavonoid and stilbene polyphenols, with selected example structures. Arrows
indicate synthetic pathways. Reproduced from reference 139 with permission.
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example, the consumption of polyphenol-rich foods and
drinks, such as chocolate (7) and tea (8), are inversely related
to cardiovascular disease. Overall self-reported consumption
of flavonoids has also been consistently shown to be associ-
ated with reduced mortality due to cardiovascular disease
(9,10), with the inverse relation between flavonoid consump-
tion and hypertension/blood pressure confirmed by urinary
analysis (11). Intervention trials have also confirmed these
cardiovascular benefits, although much of this research has
focused on flavanols, most often derived from cocoa (12).
Taken as a whole, these trials suggest a consistent beneficial
effect of cocoa flavanols on cardiovascular variables, including
inflammatory biomarkers related to atherosclerosis, insulin
resistance, lipid profiles, blood pressure, and vasodilation/en-
dothelial function (9,13,14). Meta-analyses suggest that these
effects are achievable with an optimal dose of 500 mg/d flava-
nols (14) and within 2 h of consumption (15).

Naturally, cardiovascular variables are inextricably linked
to cerebral blood flow and metabolism in the brain, and
therefore, they covary with the incidence of age-related cog-
nitive decline, dementia, and mood disorders (16–20). In
line with this, the consumption of tea, polyphenol-rich
foods, fruit and vegetables, and total amounts of flavonoids
have been shown to be associated with protection against, or
slowed progression of, cerebrovascular diseases, such as
strokes, and neurologic disorders, including dementia (21–
28), and cognitive impairment/decline in elderly popula-
tions (22,24,29–31).

Intervention studies
Flavonoids. Awealth of evidence in animals has shown that
flavonoid-rich foods, extracts, and individual polyphenols
can beneficially modulate cognitive function, typically in
older and impaired rats that are suffering cognitive decre-
ments as a consequence of age, brain insults, or induced pa-
thologies. For instance, flavanol and anthocyanin–rich fruits
and berries and single flavonoids consistently improve or
prevent declines in all aspects of memory performance
(32–35). These effects can also be accompanied by morpho-
logic changes to structures relevant to memory, for example,
by promoting or protecting neurogenesis and synaptic plas-
ticity in the hippocampus (32,33,36,37).

There is less evidence pertaining to humans in this re-
gard, and flavanols have attracted the most attention. Two
studies, 1 using transcranial Doppler (38) and the other us-
ing fMRI (39), demonstrated that both high (900 mg) and
low (150 mg) doses of flavanols administered for a short pe-
riod (2 wk and 5 d, respectively) can increase cerebral blood
flow in healthy older and younger adults. In terms of direct
modulation of cognitive function, 2 placebo-controlled,
crossover design studies demonstrated benefits in the cogni-
tive function of healthy adults as measured by a “cognitive
demand battery” (40) and by spatial memory and choice re-
action time tasks (41) after single doses of flavanol-enriched
drinks and chocolate, respectively. In the case of the latter
study (41), 2 visual tests also demonstrated that the high-
flavanol treatment increased the speed of detecting the

direction of motion of stimuli and led to an improvement
in visual contrast sensitivity. The evidence with regards lon-
ger-term administration is less persuasive. Although in
1 study cocoa flavanols (990/520 mg/d) reduced insulin re-
sistance, blood pressure, and lipid peroxidation and im-
proved performance on 2 of 3 cognitive tasks (42), several
studies failed to elicit any improvements in cognitive func-
tion. For instance, there were no cognitive improvements
reported after administration of chocolate products contain-
ing 750 mg/d flavanols for 6 wk in participants $60 y (43)
and no improvement on a working memory task after 30-d
administration of 250 or 500 mg cocoa flavanols to middle-
aged volunteers, although steady-state visually evoked po-
tentials assessed by electroencephalography (EEG)3 were
modulated in a manner interpreted by the authors as show-
ing increased neural efficiency (44). Finally, a recently re-
ported study also assessed the effects of both single doses
and 30-d administration of 250/500 mg/d cocoa flavanols
in healthy middle-aged participants and failed to demon-
strate any substantial cognitive effects, although the subjec-
tive psychological state of the participants was improved in
terms of “calmness” and “contentedness” (45).

For other sources of flavanols, 2 studies reported modu-
lation of brain function by single doses of the tea catechin
epigallocatechin gallate (EGCG) in young participants, as as-
sessed by EEG (40) and near-infrared spectroscopy (46), and
2 studies reported modulation of activity after green tea
extracts (containing flavanols and other components) as as-
sessed by fMRI after a single dose (47) and EEG after 16-wk
administration (48) in the absence of cognitive/mood
effects.

Two placebo-controlled trials also demonstrated im-
proved subjective climacteric symptoms in menopausal
females after 3-mo (60 mg/d) (49) and 6-mo (200 mg/d)
(50) administration of Pycnogenol, a proanthocyanidin-
rich pine bark extract. Memory function and oxidative stress
markers were also improved after 3-mo administration of
150 mg of Pycnogenol to elderly participants (51). However,
2 studies assessing the effects of high doses (~1000 mg/d) of
a similar extract, Enzogenol, for 5 or 6 wk did not show any
improvements on a range of psychological or physiologic
variables in healthy adults (52) and sufferers frommild trau-
matic brain injury (53).

Anthocyanins, the glycosides of anthocyanidins, are typi-
cally consumed by humans in brightly colored berries, grapes,
fruits, and colored vegetables (54), and their consumption
has been consistently shown to improve cognitive function
in animal models of aging and neuropathology (55). How-
ever, human research has been methodologically inade-
quate, with the small sample sizes and control conditions
in the 3 studies that involved the repeated administration

3 Abbreviations used: COX, cyclooxegenase; EEG, electroencephalography; CREB, cAMP

response element binding protein; EGCG, epigallocatechin gallate; eNOS, endothelial NO

synthase; ER, estrogen receptor; ERK, extracellular signals-related kinase; iNOS, induced NO

synthase; PI3K, phosphatidylinositide 3-kinase; PKB, protein kinase B; SIRT or SRT, silent

information regulator two protein; TOR, target of rapamycin.
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of anthocyanin and phenolic acid–rich juice drinks rendering
the modest findings essentially uninterpretable (56–58). Only
1 study assessed the effects of single doses with a compara-
tively healthy sample of 35 participants in a crossover design
study, but this study found no substantial effects on a re-
stricted range of cognitive, mood, and satiety measures (59).

Phytoestrogens. A range of flavonoids and other polyphe-
nols have estrogenic properties as a consequence of their
direct binding affinity at mammalian nuclear estrogen re-
ceptors (ER) a and b. These polyphenols include the isofla-
vones genistein and daidzein and the structurally related
coumestans, such as coumestrol, all of which are particularly
richly expressed in the legume (Fabaceae) family. Other phy-
toestrogens include lignans, which are converted by intesti-
nal bacteria to estrogenic metabolites, such as enterodiol,
enterolactone, and secoisolariciresinol (60), as well as a
number of ubiquitous flavones, including, in order of de-
scending potency, kaempferol, quercetin, apigenin, and lute-
olin, several flavanones, including naringenin, and several
stilbenes, including resveratrol (61).

The phytoestrogens typically exhibit weak ER binding,
with a preference for ERb, but exist at comparatively high
concentrations (62). They can also act as agonists or antag-
onists, the latter via blockade of the activity of endogenous
ligands, can bind to and inhibit the activity of androgen or
estrogen metabolizing enzymes, such as aromatase (60),
and can exert non-receptor–binding properties, potentially
via modulation of signaling cascades related to estrogenic
functioning (63). This multiplicity of effects means that
the activity of the phytoestrogen can be highly variable
and can depend on a number of factors, including tissue
type, receptor subtype, dose, and the amount of the endog-
enous ligand present (60).

Most animal and human research in this area has tended
to use the “soy” isoflavones coumestrol, genistein, and daid-
zein, found most abundantly in the soya bean plant (Glycine
max), although these compounds are actually expressed in
substantial amounts by a wide range of plants, including
the majority of the legume (Fabaceae) family, and other
food crops, such as the Caffea (coffee) genus.

Daidzein itself can be metabolized by intestinal bacteria
into the more potent estrogenic compound equol, although
only 30–50% of individuals are equipped with the requisite
intestinal flora to accomplish this, with the percentage rising
in cultures that eat more daidzein-containing plant products
(64).

Soy isoflavones have been shown to exert a number of ef-
fects relevant to general health, including upregulation of
endogenous antioxidant activity, and modulation of cardio-
vascular and immune function variables, and the mecha-
nisms underlying carcinogenesis, including the inhibition
of aberrant mitogenic activity related to ERa activity (65).
These factors may underlie the epidemiologic observations
of a potential relation between soy-isoflavone consumption
and breast cancer (66–69), in particular those cases that fea-
ture the overexpression of ER and progesterone receptors

within tumor cells (67). Soy-isoflavone supplementation
has also been associated with decreased bodyweight and
improved glucoregulation in postmenopausal non-Asian
women (70), decreased menopausal symptoms (71), and
improved vascular variables, such as endothelial function
(72) and blood pressure (73).

With regards effects on brain function, soy isoflavones
have been shown to improve memory performance in intact
and ovariectomized rodents (74–77). In humans, they have
been shown to substantially improve the physical, but not
psychological, symptoms of premenstrual syndrome (78),
improve ratings of quality-of-life in postmenopausal women
(79), decrease both follicle-stimulating hormone and lutei-
nizing hormone, and increase circulating concentrations of
17b-estradiol (80). In terms of neurocognitive function
and mood, a review by Lamport et al. (81) identified 13
methodologically adequate studies that assessed the effects
of isoflavone treatments on cognitive function. Seven of
these studies demonstrated modest beneficial effects of sup-
plementation. The authors interpret the findings as being
inconclusive, although it is interesting to note that most
of the studies involved postmenopausal females (81). In
addition, Greendale et al. (82) found that isoflavone con-
sumption could be related to either cognitive benefits or
decrements, depending on the stage of menopause. Taken
with results showing that several years after ovariectomy pri-
mates lose the ability to respond to either 17b-estradiol or
equol in terms of hippocampal receptor binding and activity
(83), this would seem to confirm a theorized “window of
opportunity” for hormone replacement therapy and isofla-
vone supplementation. This factor may also contribute to
the somewhat equivocal nature of the human intervention
literature. Interestingly, in the review by Lamport et al.
(81), 3 of the 4 studies that included males in their samples
demonstrated cognitive benefits, including a demonstration
of selective isoflavone-related benefits on a spatial working
memory task on which females usually outperform males
(84). Evidence actually suggests both cognitive benefits
and deficits in male rats after phytoestrogen consumption
(74), so taken together, it would be interesting to see more
data from male humans and, indeed, younger premeno-
pausal females.

Nonflavonoid polyphenols. Consumption of the stilbene
resveratrol (3,49,5-trihydroxystilbene) is associated with nu-
merous protective health benefits in animal models. These
include increased longevity (85), anti-inflammatory (86)
and antiviral (87) properties, and a protection against cancer
and tumorogenesis (88), cardiovascular disease (89), and
atherosclerosis (90). In terms of cognitive performance, a
number of in vivo studies in rodents have demonstrated pre-
served behavior and cognitive performance in aged rats after
laboratory-induced brain insults (91–94).

Despite resveratrol being deemed safe for human con-
sumption, the huge body of literature surrounding this com-
pound mainly deals with in vitro and in vivo/ex vivo animal
research. Human intervention trials include 2 studies that
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demonstrated that both acute (30, 90, and 270 mg/d) (95)
and chronic (75 mg/d) (96) administration of resveratrol
improved peripheral vasodilation as measured by flow-
mediated dilation in obese individuals. Similarly, 2 studies
assessed the effects of resveratrol on cerebral blood flow
and cognitive function. In the first, single doses of 250
and 500 mg of resveratrol increased cerebral blood flow in
the frontal cortex in a dose-related manner during cognitive
task performance, whereas both doses also increased deoxy-
genated hemoglobin concentrations, indicative of increased
oxygen utilization, as measured by near-infrared spectros-
copy (97). In the second study, 250 mg of resveratrol com-
bined with 20 mg of the alkaloid piperine had exactly the
same effect on cerebral blood flow variables (98). In neither
study was cognitive function or mood modulated.

Interestingly, the less intensively researched stilbene pter-
ostilbene, a dimethylether analogue of resveratrol, has greater
oral bioavailability in plasma and brain tissue (99,100), has
more potent cancer cell inhibitory effects (101) and exerts
greater cognitive/neuroprotective and cellular signal trans-
duction effects in rodent models than resveratrol (100). To
date, its efficacy has not been tested in humans.

The curcuminoid curcumin is formed from 1 cinnamic
acid starter unit with 2 malonyl-CoA units (1). It is respon-
sible for the bright yellow color of the Indian spice turmeric
(Curcuma Longa) and has been used for centuries within the
Ayurvedic system of medicine in the treatment for a host of
ailments, including inflammation (102).

Despite a number of clinical trials that generated results
suggesting potential utility in treating inflammation, car-
diovascular disease, and diabetes (103), little research has
focused on brain function. Curcumin is associated with
an attenuation of cognitive deficits in rodent models of
Alzheimer’s disease (104,105). Epidemiologic data also sug-
gest a relation between better cognitive performance and
curry consumption in humans (106). However, to date,
the results of only 2 small studies in humans, both assessing
the effects of curcumin in Alzheimer’s sufferers, have been
reported, and neither demonstrated symptomatic or bio-
chemical efficacy (107,108).

Although the evidence from intervention studies of direct
modulation of human brain function by polyphenols, as re-
viewed above, is currently weak, it is notable that this may
primarily reflect the limited research in this area and the
methodologic limitations of the small number of studies.
Certainly, the results of the many animal studies investi-
gating brain function, the epidemiologic evidence, and the
evidence of cardiovascular benefits after polyphenol inter-
ventions all point in the direction of a specific benefit to cen-
tral nervous system function associated with polyphenol
consumption. Naturally, this raises the question of how
these benefits are achieved.

Polyphenols: mechanisms of action relevant to human
brain function
The notion that polyphenols owe their beneficial effects on
physiologic variables and disease states to direct antioxidant

effects has been replaced by a growing consensus that their
effects are more likely attributable to direct interactions
with cellular signal transduction pathways (109). Compar-
atively, low bioavailability certainly precludes antioxidant
properties as a key factor in their neuroprotective and neu-
roenhancing effects (110). Naturally, access to the brain is a
necessary precondition for exerting direct effects on brain
function, and it is notable that, after dietary supplementa-
tion, flavonoids and their metabolites were shown to be
present in the brain at the low concentrations (10–300
nM) that would be sufficient for them to exert pharmaco-
logic effects at receptors and within signaling pathways
(33). This ability to cross the blood–brain barrier seems
to be dictated by both the lipophilicity of the individual
molecule and its interactions with transmembrane proteins,
such as the multidrug resistance permeability glycoproteins,
which transport molecules across cellular membranes
and the blood–brain barrier (36,111). Interestingly, several
classes of flavonoids become more concentrated and are re-
tained in neural tissue longer than they persevere in plasma
(32). In addition to direct interactions with neurotransmit-
ter receptors, polyphenols can also interact directly within
diverse downstream neuronal and glial protein kinase and
lipid kinase signaling cascades, such as the ubiquitous
MAPK and phosphatidylinositide 3-kinase (PI3K)/protein
kinase B (PKB) and target of rapamycin (TOR) signaling
cascades (36,112,113). These ubiquitous signaling cascades
transduce signals received either by receptors spanning the
membrane of the cell or in its cytosol via a chain reaction
in which a series of kinases activate each other in turn, by
phosphorylation, ultimately leading to either the removal
of proteins attached to transcription factors in the cytosol,
allowing them to translocate to the nucleus, or direct inter-
actions with transcription factors already in the nucleus.
The summed and interacting activity in multiple signaling
pathways dictates the response of the cell to environmen-
tal or stressor-related information, for instance, by modu-
lating the activity of transcription factors, such as NF-kB
or CREB (cAMP response element binding protein), in
turn leading to a wide range of cellular responses, including
cell proliferation, apopotosis, and the synthesis of growth
factors, such as neurotrophins, and inflammatory mole-
cules, such as induced NO synthase (iNOS), cytokines,
and cyclooxegenase-2 (COX-2). Overactivity or dysregula-
tion within these signaling pathways is implicated in the
pathogenesis of cardiovascular and neurodegenerative dis-
eases and cancers (36,114). Recent research demonstrates
that a range of flavonoids bind directly to individual pro-
tein kinases within these cascades, modulating their phos-
phorylation state and thereby modifying the activity and
outcome of the signaling pathway (115). The effects of poly-
phenols within the central nervous system can then be pri-
marily attributed to interactions with signal transduction
pathways that both have a direct effect on cognitive func-
tion and an indirect effect via the attenuation of inflamma-
tory processes and the enhancement of cerebrovascular
function.
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Cognitive function. Flavonoids modulate cellular signaling
pathways most directly by interacting with a range of recep-
tors to which neurotransmitters and other signaling mole-
cules bind. Dietary flavonoids have been shown to interact
with estrogen (see above), GABAA (116), adenosine (117),
opioid (118), nicotinic (119), and receptor tyrosine kinases.
The latter include receptors such as tyrosine-related kinase
B, which responds to key neurotrophins such as brain-
derived neurotrophic factor (120). Evidence also suggests
the existence of brain plasma membrane and nuclear bind-
ing sites that have yet to be fully characterized but for which
flavonoids have a high affinity (121). In terms of down-
stream effects within signal transduction pathways, flavo-
noids may exert beneficial effects on cognitive function by
activating components of the extracellular signal-regulated
kinase (ERK) signaling cascade that leads to increased activ-
ity of transcription factors, such as cAMP response element
binding protein, with a resultant increase in the expression
of neurotrophins, such as brain-derived neurotrophic factor.
This can ultimately lead to an increase in the synaptic plas-
ticity and long-term potentiation that underlies long-term
memory consolidation. Alternatively, upregulatory interac-
tions within the PI3K/PKB pathways may lead to increased
activity in the nutrient-sensing TOR signaling pathways
or the increased expression of endothelial NO synthase
(eNOS) and therefore NO synthesis (36,112).

Cerebrovascular function. The modulation of “good” NO
synthase activity via eNOS leads to a brain-specific in-
crease in local blood flow, angiogenesis, and neurogenesis,
all of which may contribute to neuroprotection and neuro-
nal repair in the face of aging and insults (36,112). Modu-
lation of eNOS synthesis also underpins the ability of
flavonoids to improve peripheral vascular variables, such
as endothelial function, blood pressure, and platelet aggre-
gation, and in turn beneficially modulate gross cerebral
blood flow and hemodynamic responses to neural activity.
Notably, polyphenol-related increases in vasodilation, ce-
rebral blood flow, and NO synthesis are also implicated
in hippocampal angiogenesis and neurogenesis, processes
that are implicated in learning, memory, and neuroprotec-
tion (36,122).

Neuroinflammation. Flavonoids can also selectively inhibit
deleterious overactivity in signaling pathways. The beneficial
effects of flavonoids on cardiovascular health and cancer
has been attributed to an attenuation of the inflammatory
cascades implicated in the pathogenesis of cardiovascular dis-
ease and tumorogenesis (123). As with other tissues, short-
term inflammation of brain tissue can be a beneficial, natural,
defensive reaction to injury, infection, stroke, and toxins.
However, sustained neuroinflammation as a consequence of
continued activation of microglia, the primary immune cells
of the nervous system, and their subsequent sustained release
of damaging proinflammatory mediators may contribute to
the neuronal damage associated with neurodegenerative dis-
eases, such as multiple sclerosis, Parkinson’s disease, and

various dementias, as well as the deterioration in cognitive
function seen with aging (124).

Evidence suggests that disparate flavonoids, including a
number that act as integral parts of the human diet, such
as flavanols and isoflavones and their metabolites, can sup-
press the neuroinflammatory activity of microglia by in-
hibiting each stage of the inflammatory signaling process
in activated glia: inhibiting the activity of proinflammatory
transcription factors, the release of cytokines, the generation
of reactive oxygen species, and the synthesis or activity of
iNOS, COX-2, and lypoxygenase and the resultant over-
production of NO, PGs, and leukotrienes. These effects in
turn may be related to the ability of polyphenols to modulate
the activity of multiple components of a range of neuronal
and glial signaling pathways, including the individual com-
ponents of MAPK and other kinase pathways involved in
the inflammatory and apoptotic responses described above
(114,123). As an example, polyphenol-rich acai fruit pulp
was shown to attenuate inflammatory responses in micro-
glial cells and protect neurons from induced stress by in-
hibiting both MAPK and TOR pathways (125,126).

Evidence does suggest that interactions with the compo-
nents of these signaling pathways is dependent on the exact
structure of the polyphenol molecule in question, for in-
stance, in terms of the number and location of hydroxyl
groups or the nature of specific bonds. This means that dif-
ferent polyphenols will exert markedly different cellular ef-
fects (36). However, a recent meta-analysis of 25 human
intervention studies that included an assessment of the ef-
fects of a wide range of flavonoids on inflammatory bio-
markers noted a substantial reduction in TNF-a associated
with consuming flavonoid-rich foods or supplements and
several flavonoid subgroups (127). Similarly, oral adminis-
tration of 40 mg of resveratrol to humans was shown to
lead to reductions in oxidative stress variables, the expres-
sion of proinflammatory kinases in mononuclear cells,
the activity of the proinflammatory transcription factor
NF-kB, and concentrations of related downstream proin-
flammatory cytokines (128), and increase nuclear factor-
E2-related factor-2 activity with a consequent upregulation
of endogenous antioxidant variables (129). The attenuation
of neuroinflammation could certainly underpin the epide-
miologic evidence of protected brain function in elderly
humans.

Metabolites and the role of the gut microbiota. Of course,
there is a proviso to the above interpretation of the mecha-
nisms of action of polyphenols. In reality, only a small per-
centage of polyphenols are absorbed intact in the upper
gastrointestinal tract, with the vast majority hydrolyzed to
aglycones and/or metabolized by gut microbiota before ab-
sorption and additional phase I/II metabolism (130,131).
Emerging evidence suggests that the gut microbiota makes
a substantial contribution to the eventual palette of circulat-
ing, potentially bioactive, compounds, including the gener-
ation of entirely new compounds, such as a range of
conjugated lactones and simple phenolic acids (131–133).
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To add more complications, the eventual palette of polyphe-
nol derivatives will depend on the individual’s own gut
microbiota profile, and the consumption of differing poly-
phenols will change the makeup of the microbiota itself
(131,134). Given that the composition of the gut microbiota
plays multifarious roles in organism development, digestion,
the bioavailability of bioactive nutritional components, im-
mune function (130), and even brain development and be-
havior (135,136), it has been suggested that many of the
health benefits of polyphenols may be related to modulation
of gut microbe populations (130).

The extensive metabolism of polyphenols does bring into
question the relevance of much of the in vitro research that
has informed the above. This research has often used natu-
rally unattainable concentrations of polyphenols and parent
compounds rather than the many metabolites that would
be present in vivo (114). Similarly, it is not possible to attri-
bute the many in vivo biologic effects, including those seen
in human trials, directly to the consumed parent molecules
rather than their metabolites. However, it is notable that
the conjugated forms of polyphenols and the phenolic
metabolic derivatives created by the gut microbiota typical-
ly have similar or greater bioactivity than the parent com-
pounds, including within signaling pathways (133,134,137).
It is also notable that the gut microbiota play an important
evolved role in the tailoring of a wide range of exogenous
dietary nutrients for increased bioactivity, including es-
sential amino acids and several vitamins (138). Given
that polyphenols formed part of the human diet through-
out evolution, it would be surprising if the microbiota
community did not fulfill similar roles for this group of
compounds.

Why Do Polyphenols Affect Human Brain
Function?
The ecologic roles of polyphenols and other phenolics
Although they are the dominant life form on earth, covering
and harvesting the light from the vast majority of the terres-
trial surface of the planet, plants have 1 major problem: they
are autotrophs, rooted in place and feeding themselves by
synthesizing the complex organic compounds that they re-
quire for life, from simple inorganic molecules that they
find in their immediate vicinity. Their inability to move
means that plants evolved the ability to synthesize a vast ar-
ray of secondary metabolite chemicals (“secondary” because
they do not take part in primary metabolism) that play eco-
logic roles, protecting the plant from physical challenges
and allowing it to interact with its environment. Among
the 3 major classes of secondary metabolite chemicals (phe-
nolics, alkaloids, and terpenes), the phenolics play by far the
widest range of ecologic roles, as befits their provenance as
the most ancient of the 3 groups in evolutionary terms
(139). From an external perspective, flavonoids concen-
trated in the epidermis of leaves or the cuticle of flowers
and fruits provide a range of colors that attract pollinators
and fruit-dispersing animals but deter herbivores. These
range from the rich colors associated with anthocyanins

and anthocyanidins, to the whites, yellows, and “ultraviolet”
nectar guides provided by flavones and flavonols (140). All
of these pigments also function as sunscreens and antioxi-
dants, absorbing dangerous wavelengths of ultraviolet light
and mopping up reactive oxygen species (141). Phenolics
also comprise an important antimicrobial and antioxidant
component of the sugar-rich nectar that manages the rela-
tion of the flower to symbiotic pollinators and “nectar rob-
bers” (142–144). The more volatile simple phenolics also
contribute generously to the “volatilome” of airborne chem-
icals that the plant releases to attract and deter pollinators
and herbivores. This complex cocktail of chemicals includes
a number of signaling molecules, such as methyl salicylate,
the volatile ester of the hormone salicylic acid, and phenyl-
propenes, such as eugenol and estragole, all of which are re-
leased into the air around the plant as a rapid signaling
system designed to deliver information about stressors and
physical integrity rapidly to the distant parts of the plant,
triggering a range of local responses in the home plant
(145,146). These chemicals can also orchestrate similar
stress-related responses in the local community of plants
(147).

In the case of direct herbivorous assault, flavonoids in
plant tissue will act as first-line-of-defense general-purpose
antifeedants, digestibility reducers, and toxins (148). The
direct reaction of the plant to the herbivorous assault will
be dictated by whether the assault involves chewing or
sucking, with enzymes within the insect’s saliva, such as
b-glucosidases or FA/amino-acid conjugates, potentially trig-
gering a specific immune-like reaction driven by jasmonic
acid or salicylic acid, respectively (see below) (149,150).
These hormonal signals might result in the synthesis and
eventual polymerization of phenolic cinnamic acid alcohol
monomers that will interlock to formwoody lignin as a phys-
ical defense (151), and they will inevitably result in an in-
crease in the synthesis of defensive secondary metabolites,
including the many stress-induced phenolic compounds
that directly protect plant tissue. The low-molecular-weight
phenolics will also contribute to the volatile emissions that
attract the predatory enemies of the herbivorous insect (152).

If the plant is damaged, microbial pathogens penetrating
the wound will immediately encounter chemical defenses in
the form, for instance, of the anthocyanidins that are distrib-
uted throughout plant tissue (148). Their molecular finger-
print will also be identified by transmembrane “pattern
recognition receptors,” leading, over several days, to jasmo-
nate hormone–driven synthesis of “phytoalexin” secondary
metabolites that will accumulate around the site of infection
(153). Phenolics comprise the phytoalexins most commonly
used by plants, playing this role in all gymnosperms, and the
majority of families of angiosperm plants (154).

Dropping below ground, the “rhizosphere,” the root sys-
tem and surrounding soil, houses an extensive microbiota
that bears striking functional similarities to the human gut
microbiota, including a role in the metabolism and reab-
sorption of phenolics and the metabolic tailoring of key nu-
trients (138). This is a world that is particularly rich in
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phenolic secondary metabolites (155,156), many of which
are exuded into the soil in response to specific signals, for
instance, from symbiotic and pathogenic microbes, and a
range of abiotic stresses, such as nutrients and the mineral
status of the soil, temperature, and water stress (157).
Among the full range of phenolic structures in the rhizo-
sphere, the flavonoids play specific benign roles in the man-
agement of microbial symbionts, attracting mutualist
bacteria and triggering the germination of fungal spores.
These microbes then colonize the roots, facilitating the up-
take of nitrogen, water, nutrients, and minerals, in return
for photosynthates, such as carbohydrate, from the plant
(158,159). These relations can be quite specific; in the le-
gume (Fabaceae) family, the plant grows root nodules for
the bacteria to inhabit, with individual flavonoids manag-
ing relations with individual species of Rhizobium bacteria
(148,157). Alternatively, they can be more general; for in-
stance, ubiquitous flavonoids, such as quercetin and rutin,
manage the relation of the plant with the arbuscular mycor-
rhizal fungi that contribute to plant phosphorus uptake by
colonizing the surface of roots in the vast majority of plants
(148,159). Naturally, the protective reaction of the plant to
infection by underground pathogenic fungi and bacteria is
identical to that seen aboveground and often also involves
the synthesis of phenolics.

At a greater distance from the plant, the soil still harbors a
variety of phenolic secondary metabolites that were exuded
by roots or leached from leaves and fallen plant tissue. For
instance, flavanols and tannins protect against nematodes
(148) and molluscs (160), whereas a number of phenolics
in the soil inhibit the growth and germination of competitor
plants. Many flavonoids exert these allelopathic properties
by interfering with the signaling and transport of the hor-
mone auxin in the roots of competitors or acting as proox-
idants, among many other potential mechanisms of action.

In all of these many and varied interactions, individual
phenolics are often multifunctional, multitalented compounds.

The plant signaling roles of polyphenols. Although a huge
research effort has been directed toward understanding the
effects of polyphenols on mammalian cellular signaling,
we know very little about the potential endogenous signaling
roles that polyphenols play in their home plant. Never-
theless, a number of strands of evidence suggest that flavo-
noids may play multiple “primary” plant signaling roles.
For example, it is notable that these chemicals are often syn-
thesized locally by specialized cells or tissues at specific times
dictated by developmental processes or stressors. They are
often then actively transported long distances in the plant,
becoming “integral components of the plant signaling ma-
chinery,” functioning both as signaling molecules in their
own right and by interfering with the activity of other signal-
ing molecules (161). As an example, flavonoids play recently
established cellular signaling roles in pollen germination and
dormancy, the sanctioning of the transmembrane move-
ment of the hormone auxin, the nodulation process that al-
lows the colonization of root systems by symbiotic bacteria,

and the lignification process, and they partake in intraplant
communications (161,162). As an example of the latter, a re-
cent study investigating gene expression showed that the al-
lelopathic effects of juglone, a phenolic derivative that stunts
the growth of plants in the vicinity of walnut trees by pre-
venting root elongation, are related in major part to the
ability of juglone to interfere with MAPK cellular signal
transduction and gene expression within the jasmonic
acid, abscisic acid, and gibberellic acid hormonal pathways
of the encroaching recipient plant (163). A putative wide-
ranging signaling role for flavonoids is also strongly sup-
ported by their detection, along with their synthetic
enzymes, in the nucleus of plant cells, suggesting that they
may function in endogenous gene transcription (164,165).

Similarities in hormonal stress signaling between plants
and animals. Both plants and animals have well-developed
autocrine, paracrine, and endocrine hormonal systems. In
plants, the typical net effect of hormonal signaling will in-
clude modulation of the synthesis of numerous secondary
metabolites, including flavonoids and other polyphenols.
The key hormones upregulating defensive reactions are the
oxylipin “jasmonates,” jasmonic acid, and its conjugated
and hydroxylated derivatives, such as methyl-jasmonate and
jasmonoyl-isoleucine. The jasmonates are formed from the
eighteen-carbon PUFA a-linolenic acid when it is released
from cellular glycerides by lipases in plant tissue as a consequence
of biotic and abiotic stressors and subsequently metabo-
lized via the octadecanoid pathway, which commences with
oxidation by lipoxygenase enzymes (166,167). The jasmo-
nate derivatives then travel to other cells and degrade cellular
proteins [jasmonate ZIM (zinc-finger expressed in inflores-
cence meristem)-domain proteins] that are suppressing the
transcription factors that dictate the many physical and chem-
ical plant responses to stressors, unleashing the appropriate
defensive reactions (168,169).

Therefore, although jasmonates are necessary for the in-
duced synthesis of protective secondary metabolites, they
represent only 1 strand of a complex interplay between hor-
mones. These include salicylic acid, abscisic acid, auxin, and
ethylene, as well as ubiquitous signaling molecules, such as
NO. These chemicals are synthesized in varying quantities
in response to differing stressors. For instance, jasmonic
acid predominates in the response of a plant to insect her-
bivory and abiotic stressors, jasmonic acid and ethylene
combined are synthesized in response to necrotrophic path-
ogen attack, and salicylic acid is induced after infestation
with biotrophic pathogens (170). The synergistic and antag-
onistic crosstalk between these hormones and signaling
molecules fine tunes the response of the plant to match
the stressor (171), leading to complex stress-specific patterns
of gene transcription (168,170). As an example, whereas ab-
scisic acid tends to work synergistically with the jasmonates
(167), salicylic acid has an antagonistic relationship, in
which 1 of its functions is to downregulate the jasmonate
pathways, in effect switching the response of the plant
from a short-term synthesis of phytochemicals suited to
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abiotic stressors and herbivory and redirecting it toward a
longer-term “immune” response that will be more suited
to resisting biotrophic and viral pathogens. Naturally, the
converse is also true, with the jasmonates working to down-
regulate the salicylates (167,172–174) and salicylic acid
modulating the gene expression associated with other hor-
mones, such as auxins (175).

These plant hormonal systems bear some striking simi-
larities to animal systems (139). The most straightforward
example is the role that the “plant” hormone abscisc acid
plays in the mammalian nervous system. This genetically
conserved signaling molecule is synthesized and operates
via the same signaling pathways and conserved genes across
plants and animals (176,177). In both taxa, it guides the cel-
lular reactions to abiotic stressors, such as heat and light.
It also has wide-ranging functions within the mammalian
immune system and modulates insulin release from the
pancreas and the proliferation of stem cells. A number of
these effects are related to its modulation, including upregu-
lation, of the synthesis or function of PGs (176,178).

No less intriguingly, the oxylipin pathways that synthesize
jasmonates in plants and the PGs in mammals are also
genetically conserved orthologs (179). In mammals, this
pathway leads to the synthesis of eicosanoids from the
twenty-carbon PUFA arachadonic acid, which is released
from cellular phospholipids by phospholipases and metabo-
lized via pathways very similar to those seen in the formation
of jasmonates in the plant, but in this case featuring both li-
poxygenase and the COX-1 and COX-2 enzymes (180). In
keeping with this shared heritage, the jasmonates in plants
and the PGs in animals are closely related in structural
(Fig. 2) and functional (179) terms. In animals, PGs and
the COX enzymes contribute to the modulation of blood
flow via the dilation or constriction of blood vessels and by
determining the aggregation, or stickiness, of blood platelets,
and they contract or relax bronchial and smooth muscle.
Directly in keeping with the plant roles of jasmonates, they
also govern a number of responses to stressors, including
the regulation of inflammation and immune function, and
the response to wounding (180,181). Therefore, the most
striking difference in the response of the plant jasmonate

and animal PG systems to stressors is primarily seen in the
end product, with the animal response most often associated
with inflammation or immune system activation and the
plant response, although including many analogous cellular
responses, also being typified by the additional synthesis of
secondary metabolite chemicals (182).

A wealth of emerging evidence suggests that each of the
key hormonal mediators of secondary metabolite synthesis
in plants can have reciprocal effects within mammalian tis-
sue. Modulation of endogenous abscisic acid function in hu-
mans is being investigated from a therapeutic point of view
with respect to a variety of diseases (176), and both the jasm-
onates and salicylates exert multifarious, potentially benefi-
cial effects on mammalian cancerous cells in a manner that
resembles their innate activity in plant cells (182). The activ-
ity of salicylic acid in terms of inducing tumor cell apoptosis,
in particular, resembles the hypersensitive response, or pro-
grammed cell death, that it coordinates in response to path-
ogens in plants (182). Salicylic acid itself, particularly in the
structurally close form of acetylsalicylic acid, or aspirin, has
also attracted a huge amount of research over many decades.
Its activity in mammals systems can be seen as a direct ex-
tension of its role within plants (183), with many of its
actions involving interactions with mammalian cellular pro-
cesses that are directly conserved or very similar to those
seen in plants. The most readily appreciable example is
the inhibition of COX activity by acetylsalicylic acid, which
leads to reduced PG synthesis, and the celebrated anti-
inflammatory properties of aspirin (182). This can be seen
as a direct reflection of the analogous antagonistic effect of
salicylic acid within the jasmonate pathways that induce sec-
ondary metabolite synthesis in plants, in much the same way
that the upregulation of PG function by abscisic acid in the
animal mirrors its synergistic relation with the jasmonates in
the plant (180).

Is the modulation of brain function by polyphenols a
consequence of unintended “cross-kingdom”
signaling between plants and humans?
Interference by the phenolic plant hormone salicylic acid in
the synthesis of PGs is clearly an example of unintended

FIGURE 2 Conserved signaling
molecules: the plant jasmonate
hormones (e.g., jasmonic acid)
and the orthologous mammalian
eicosanoids/PGs (e.g., PGE2)
showing the analogous PUFA
precursors. Reproduced from
reference 139 with permission.
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“cross-kingdom” signaling by the phytochemical. The con-
cordance in hormonal signaling between plants and humans
is not surprising given the similarities in cellular function
exhibited by the 2 taxa. Both plants and humans inherited
in excess of ~3000 genes from their last common ancestor
(184,185). This shared genetic inheritance comprises a large
core of common “housekeeping” genes that are essential for
survival and that dictate a raft of processes, including central
metabolism, genome replication and expression, and the
many commonalities that we see in the molecular and phys-
iologic properties of plant and animal cells (186). This does
raise the question as to the extent to which this common ge-
netic inheritance may underlie the mammalian physiologic
effects of polyphenols.

The notion that some form of cross-kingdom signaling
underpins the effects of polyphenols has been advanced pre-
viously (161). For instance, Howitz and Sinclair (187)
proposed the concept of “xenohormesis” whereby animals
and fungi read the chemical evidence of environmental
stress from the plants on which they feed in the form of
stress-induced secondary metabolites, such as polyphenols,
which then trigger a hormetic response in the consuming
organism (hormesis being the process by which a small
amount of a potential stressor, such as a toxin, physical ex-
ercise, or starvation, enhances functioning by triggering an
adaptive stress response). A favored example here is the abil-
ity of several polyphenols to interact in vitro with the mam-
malian sirtuin genes [silent information regulator two
protein (SIRTor SRT)] that regulate a number of transcrip-
tion factors (e.g., p53, NF-kB, PPARg, and PPARg coactiva-
tor 1-a) that play key roles in stress responses, cellular
differentiation, and metabolism (188). Sirtuins ultimately
modulate a range of critical metabolic and physiologic pro-
cesses, including cellular metabolism, survival and aging,
stress resistance, inflammation, immune function, and en-
dothelial function. It is notable that much of the huge inter-
est in the polyphenol resveratrol was sparked by the
observation that it extends the lifespan of yeast and animals,
such as the fruit fly (Drosophila melanogaster) and round-
worm (Caenorhabditis elegans), in a manner similar to ca-
loric restriction, apparently via a hormetic response mediated
via the activation of sirtuin genes (189,190).

The notion of xenohormesis as an adaptive mechanism is
intriguing, but as an explanatory tool of human/phytochem-
ical interactions, it falls foul of the law of parsimony. It seems
more likely that any beneficial effects are simply predicated
on the similarities between signaling pathways in the taxa,
with polyphenol/signaling interactions driven by the func-
tion the phytochemicals are trying to fulfill for their home
plant, including their endogenous roles as signaling mole-
cules within the plant itself. As described above, a wealth
of evidence suggests that flavonoids owe their bioactivity
in mammals to interactions with the transduction and sig-
naling pathways that mediate cellular responses to stressors,
such as the ubiquitous protein and lipid kinase signaling cas-
cades (e.g., MAPK, PI3K/PKB, and TOR) (36,112,191).
Many of the key components of cellular signaling are

included in the common ancestral endowment of cellular
housekeeping functions, and the same signaling cascades of-
ten play identical roles in mediating the cellular responses of
plants and animals to stressors (192,193). Plants have a par-
ticularly rich complement of >1000 kinase genes (194), and
a striking 2.5% of the genome of the model plant Arabidopsis
thaliana is given over solely to the $600 genes that express
the kinase subfamily of receptor-like kinases. These re-
ceptors bridge the cellular membrane and transduce extra-
cellular signals into cellular secondary messenger MAPK
signaling cascades. Phylogenetic evidence shows that the en-
tire kinase superfamily and the specific receptor-like kinases
evolved in a unicellular ancestor of both plants and animals.
Beyond this point, the majority of plant receptor-like kinases
remained specific to serine/threonine, whereas the majority
of animal receptors evolved specificity to tyrosine (i.e., re-
ceptor tyrosine kinases) (195). Similarly, animals and plants
also share the MAPK enzyme signaling pathways. Indeed,
these are highly conserved across all eukaryotes (192,193),
with plant MAPKs being most closely homologous to the
ERK MAPK subfamily in mammals (196). In addition,
plants also possess conserved PI3Ks and their interacting
PKBs (197). The Arabidopsis genome also encodes 39 dis-
tinct, conserved “animal” AGC kinases (named after the
member kinases: cAMP-dependent protein kinase A, cGMP-
dependent protein kinase G, and phospholipid-dependent
protein kinase C). These kinases modulate the activity of
other intracellular second messengers, including cAMP,
cGMP, and phospholipids, and make their own independent
(to MAPK) contribution to stress signaling and engage in
crosstalk interactions with the MAPK signaling pathways
(194,198).

This extended protein kinase family plays analogous cel-
lular transduction and signaling roles in plants and animals.
One particularly pertinent example is the TOR kinase sig-
naling pathway, a crucial growth-regulating cellular system
that simultaneously collects information on stressors, nutri-
ents, and internal energy states from multiple extracellular
and intracellular inputs, including from the PI3K/PKB path-
ways. In benign conditions of nutrient and energy availabil-
ity, TOR upregulates a vast range of energy-consuming
activities, such as metabolism, cell proliferation, and the
translation of mRNA, ultimately dictating a wealth of devel-
opmental and metabolic processes by regulating other key
kinases (199,200). The TOR kinase pathways are, again,
highly conserved, having originated before the last common
eukaryotic ancestor, and both their function and core mo-
lecular components, including the upstream PI3K/PKB
pathway, are shared across the cells of nearly all eukaryotic
clades (201). For instance, in plants, TOR signaling path-
ways play a large part in regulating growth, with the TOR
gene expressed most abundantly in rapidly growing and di-
viding tissues. As with mammalian cells, TOR also mediates
plant cellular responses to stressors and directs autophagy,
possibly via interactions with plant hormones, such as absci-
sic acid (202). This pathway comes sharply into focus for
humans when we consider that, in mammals, TOR signaling
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is aberrantly upregulated in cancer (203) and dysregulated in
obesity and diabetes, contributing to insulin resistance and
cardiovascular disease. It also plays a key role in the process
of cellular ageing (200). Conversely, TOR inhibitors may
provide novel treatments for these same diseases, and it
has previously been observed that the life-extending proper-
ties of caloric restriction are mediated by reduced TOR sig-
naling (200).

In mammals, the functioning of the TOR signaling
pathway is also modulated by a wide range of flavonoids
and other polyphenols. For instance, ubiquitous catechins,
such as EGCG, and flavonols, such as quercetin, attenuate
cell proliferation and tumorogenesis by inhibiting both
PI3K/PKB and TOR signaling in mammalian cells, poten-
tially by binding to the ATP binding sites of the kinase
proteins (204,205). Similarly, quercetin, curcumin, and
resveratrol were all shown to promote protective autoph-
agy–mediated cell death in mammalian cancer cells via
TOR inhibition (206). Resveratrol may also have its benefi-
cial effects on cellular senescence, cell growth, glucose
homeostasis, and cardiovascular function through its inhi-
bition of TOR signaling via both sirtuin-dependent and
-independent mechanisms. In the latter case, established
mechanisms include modulation by resveratrol of PI3K/
PKB signaling upstream of TOR and direct interactions
with the TOR kinase itself (207,208). Similarly, anthocya-
nin-rich berries protect the hippocampus in irradiation
models of aging by inhibiting TOR and attenuating inflam-
mation, oxidative stress, and a loss of protective autophagy
(209,210). Conversely, anthocyanin and flavanol supplemen-
tation in rodents activates TOR, promoting “growth” in terms
of synaptic plasticity in cognition-relevant brain regions
(112). This last finding suggests that flavonoids can exert bi-
phasic, homeostatic effects within this single system.

Although the TOR and MAPK pathways and the other
protein kinase pathways are heavily involved in directing
gene transcription across taxa in response to a wide variety
of stressors, the ultimate downstream products of this sig-
naling effort differs between animals and plants. In animals,
1 consequence of activation will be the synthesis of COX and
the PGs, whereas in the plant, the same signaling pathways
will lead to the expression of lipoxygenase and the synthesis
of jasmonates. In the case of plants, this, in turn, will ulti-
mately lead to the synthesis of a raft of protective secondary
metabolite chemicals (211,212), with crosstalk with other
hormones shaping the specific response via their own inter-
actions with the plant kinome (196,213,214).

In general, across taxa, stress/immune signaling and gene
transcription is a complex affair that is typified by an abun-
dance of feedback and feedforward loops that closely regu-
late the expression of signaling molecules and transcription
factors. As an example, in plants, the expression of sali-
cylic acid genes is essential for many stress responses, but
an overaccumulation of salicylic acid is toxic to the cell, so
feedback and feedforward loops between the components
of pathways responsible for synthesizing salicylates,
other hormones, and cellular factors carefully regulate

its synthesis (175). Polyphenols and other phenolics repre-
sent the ultimate downstream products of a multitude of
plant hormonal defense communications. They also travel
within the plant, penetrate cells and cell nuclei (101), and
may exert a raft of independent signaling properties. There-
fore, they represent ideal candidates to both feedback within
their own cellular synthetic pathways and interact with the
cellular signaling pathways in neighboring and distant cells.

An interesting analogy can be drawn with the “vitamins”,
which are typically plant-derived primary metabolite chem-
icals that play broadly analogous essential cellular roles when
consumed by humans. The synthesis of several of these com-
pounds cannot only be induced by a variety of stressors in
the plant, but they can also self-regulate their own synthe-
sis, preventing wasteful or damaging overexpression via di-
rect feedback interactions within their own biosynthetic
pathways (215). The possibility that polyphenols, and other
secondary metabolites, interact with their own synthetic
pathways in this manner has simply not been investigated
in plants to date. However, it is clearly a possibility that
the modulation of animal stress signaling pathways by poly-
phenols may simply echo the role of the phytochemicals
within the genetically conserved or analogous signaling
pathways within their own plant. In this context, it would
make absolute sense for the polyphenol products of stress
signaling to provide 1 of the many endogenous signals
that contribute in the plant to the activity of the global stress,
nutrition, and energy-sensing TOR kinase pathways. This
activity may then be transferred directly after consumption
into modulation of the conserved PI3K/PKB and TOR path-
ways in animals. Similarly, viewed in the context of the con-
served nature of the jasmonate and PG synthetic pathways,
the inhibition of the enzyme COX2 in animal tissue by a
wide variety of flavonoids (114) can also be interpreted as
an attempt by the flavonoids to inhibit lipoxygenase en-
zymes within the orthologous plant jasmonate pathways.
This interaction within the plant may be part of the complex
crosstalk between the antagonistic jasmonate and salicylate
hormone systems (as suggested with regards salicylic acid it-
self) (180) or it may simply be feedback or feedforward
within and across the jasmonate system.

It is also notable that the net effect of flavonoids within
several animal signaling pathways is modulation of the syn-
thesis of NO (114). This ubiquitous signaling molecule,
which represents a key downstream product of signaling cas-
cades in both taxa, plays diverse modulatory roles in both
the synthesis and function of jasmonates, salicylates, and
ethylene (216,217). Therefore, it is intrinsically tied to sec-
ondary metabolite synthesis pathways in plants. Any effects
on NO synthesis in animal tissue may well also represent an
attempt by the phytochemicals to interact with the various
pathways dictating NO synthesis in their home plant.

Returning briefly to the yeast/animal sirtuin genes that
fostered so much interest in the polyphenol resveratrol,
it is also the case that, whereas mammals express 7 dis-
tinct, structurally similar sirtuin genes (SIRT1 to SIRT7),
of which SIRT1 is the best characterized, plants also possess
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2 conserved sirtuin genes that are homologs of the human
equivalents (188). These are expressed in the reproductive
tissue (SRT1) and throughout plant tissue (SRT2), respec-
tively (218). The specific roles of these sirtuins in plants
are poorly understood, but evidence does suggest that they
play roles in plant development via hormonal signaling
and in the hypersensitive immune response (218). Intrigu-
ingly, the SRT2 plant homolog was shown to suppress sali-
cylic acid–dependent defense against pathogens, suggesting
that it may play a role in the mutually inhibitory crosstalk
between salicylic acid and the jasmonates (219). Once again,
this would seem to suggest that any effects of polyphenols on
sirtuin-mediated stress responses in animals may simply re-
flect an echo of polyphenol/sirtuin interactions in the plant.

Finally, just to confirm that polyphenols do exert direct
cross-kingdom signaling effects as a consequence of the
role they are trying to play in their home plant, it is interest-
ing to note that 1 of the few plant signaling roles of flavo-
noids that has attracted any research attention is their
modulation of transmembrane auxin movement. Flavo-
noids accomplish this by binding to multidrug resistance
permeability glycoproteins in cell membranes, with the con-
sequence that they inhibit auxin efflux from the cell. The
same transporters are genetically conserved in plants and
animals, and they form the established target underlying
the potential medicinal utility of flavonoids in terms of re-
ducing drug efflux in mammalian multidrug resistant cells
(162,220).

Is the modulation of brain function by polyphenols a
consequence of intentional cross-kingdom signaling?
Although the examples immediately above suppose that any
effects of polyphenols in mammals are simply a conse-
quence of the close similarities in plant and animal signal
transduction pathways, a second class of interactions would
seem to be predicated on intentional cross-kingdom signal-
ing by plants, albeit, in this case, that the consuming animals
are not the intended target.

The phytoestrogens. The most obvious example here is the
benign part that flavonoids play in the evolutionarily ancient
symbiotic relations of the plant with both the bacteria and
fungi that colonize the rhizosphere, facilitating the uptake
of nitrogen, water, nutrients, and minerals. The most an-
cient of these relations, that between plants and arbuscular
mycorrhizal fungi, is ubiquitous across all plant lineages,
whereas the more specialized relations between nitrogen
fixing rhizobial bacteria and plants arose at a later date.
Both relations work via the same mechanisms. Flavonoids
released into the rhizosphere are detected by microbial
receptors, such as the bacterial nodulation D protein. The
flavonoids either attract bacteria by chemotaxis or stimulate
the germination of fungal spores in the soil. The plant then
perceives the presence of the symbiotic fungus or bacteria
through the chemical emission by the microbe of lipochi-
tooligosaccharide nod or myc (standing for nodulation
and mycorrhizal, respectively) factors that bind to and

activate lysine motif receptor kinases in the plant (221). Sev-
eral iterations of this autoregulatory feedback ultimately
govern the population level of microbes and the amounts
of hyphal branching within the root system. In the legume
(Fabaceae) family, this process also results in the creation
of specialized root nodules designed specifically to accom-
modate the bacterial colony (148,157). In a similar manner,
a number of flavonoids are synthesized in response to the
bacterial “quorum-sensing” signaling molecules that direct
the population size and activity of bacteria in the rhizo-
sphere. These flavonoids bind to bacterial receptors in a pos-
itive feedback mechanism that directs both bacterial behavior
and flavonoid synthesis (159).

The most salient point here is that both the bacterial and
fungal receptors involved in these processes are estrogen-like
receptors that bear a striking similarity to mammalian ERa
and ERb in terms of the palette of chemicals and ligands that
they recognize and to which they respond. They also exhibit
the same ligand concentration-dependent activity, they co-
occur with chaperone proteins in their unactivated state,
and the nature of their gene transcription effects are similar
(222,223). These microbial receptors also bind mammalian
estrogens, such as 17b-estradiol (223). Indeed, it has been
suggested that many of the proteins within the respective
plant and microbe signaling pathways are orthologous
(224) and that the bacterial estrogen-like receptor, the nod-
ulation D protein, is a partial ortholog of the mammalian ER
(225) (although this is disputed in reference 226). Certainly,
the key structural elements that dictate the binding of phy-
toestrogens to mammalian ERs, for instance, the aromatic
ring with a hydroxyl group corresponding to the C3 position
in the 17b-estradiol ring system (61,223), also dictate the
binding of the same compounds to microbial estrogen-like
receptors (223). It is also notable that all of the key flavo-
noids that exert estrogenic effects in humans also take part
in the rhizosphere plant/microbe estrogen-like receptor in-
teractions described above (222,223,227). Therefore, the es-
trogenic effects of these phytoestrogens are predicated on an
unintended transfer of the intended cross-kingdom plant/
microbe signaling, predicated on the similarity in the cellu-
lar signal transduction equipment possessed by microbes
and mammals.

Defense against microbial pathogens. Of course, the abil-
ity to disrupt quorum-sensing and estrogen-like receptor
signaling in pathogenic microbes may be a useful defense
mechanism (227), and it is notable that several antimicrobial
phytoalexins with more restricted distributions, such as
kievitone, phaseollin, and resveratrol, also have estrogenic
properties (228). However, the TOR pathways may provide
a better example of intentional cross-kingdom signaling in
the defensive disruption of microbial signaling. The TOR ki-
nase signaling pathway itself was originally identified in the
1990s when researchers were trying to discover the mecha-
nism of action of a potent antifungal chemical produced
by bacteria found 20 years previously in a soil sample
from Easter Island (also known as Rapa Nui). They named
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the antifungal macrolide molecule rapamycin, and after many
years of research, identified the targets of rapamycin as novel
protein kinases that they named “target of rapamycin”, as well
as a specific binding protein (FK binding protein 12) within
the TOR pathway (229). To the fungus, the inhibition by ra-
pamycin of the TOR pathway signals a lack of environmental
nutrients and prevents protein synthesis and cellular prolifer-
ation, thereby inhibiting growth and handing an advantage to
the rapamycin-synthesizing bacteria.

It also transpired that all of the components of the TOR
pathway targeted by rapamycin are conserved in fungi, ani-
mals, and plants (201,230). If we accept that the bacteria
evolved the synthesis of rapamycin as an antifungal strategy,
then any effects of rapamycin in mammals would represent a
cross-kingdom transfer of the intended cross-kingdom in-
hibition of TOR signaling in fungi. Rapamycin certainly has
numerous useful medicinal applications for humans, all of
which are predicated on TOR pathway inhibition. It started
life in the late 1990s as an antifungal treatment, but it soon
became apparent that its major use was as an immune sup-
pressant and antiproliferative that could be used to prevent
organ rejection after transplant surgery.

Recent research has also demonstrated that rapamycin
has a number of properties in common with TOR-inhibiting
polyphenols, such as EGCG, quercetin, and resveratrol, in-
cluding the ability to increase longevity and protect against
cancer in mammals (231). Conversely, the synthesis of the
same polyphenols is upregulated by biotic stressors, in-
cluding fungi, and they all exhibit antifungal properties
(232,233). Unfortunately, as yet, we do not know whether
these antifungal properties are predicated on interference
with TOR signaling. However, this does raise the possibility
that the cross-kingdom kinase signaling roles of many poly-
phenols may simply reflect an unintended transfer of their
intended role as antimicrobials, in the same manner as rapa-
mycin, due to the conserved nature of the TOR pathways.

Conclusions
The foregoing presents a prima facie case that the modula-
tory effects of polyphenols within human cellular signal
transduction pathways, and therefore their beneficial effects
on cardiovascular and brain function, are predicated on a
cross-kingdom transfer of the signaling role that these phy-
tochemicals play, either endogenously within their own
plant or exogenously as they perform ecologic roles related
to the management by the plant of its symbiotic and patho-
genic microbial neighbors.

Because of a vast research effort over the past decades, we
now know a great deal about the interactions of polyphenols
within mammalian signal transduction pathways. In con-
trast we know very little about their interactions within
the orthologous plant (and to a lesser extent microbe) sig-
naling pathways. But why is this important? Elucidating
the ecologic and endogenous signaling roles of phytochem-
icals is obviously of interest from a plant science perspective,
but beyond that a fuller understanding of these endogenous
signaling roles must also inform the analogous mammalian

research. Refocusing just a small fraction of the huge re-
search effort directed at polyphenol/mammal interactions
toward the analogous systems in plants may well offer an ex-
ponential increase in our understanding of the potential of
these phytochemicals regarding human health. Added to
this, the plant research would be substantially cheaper and,
in some cases, less ethically contentious.

It is also notable that the physiologic effects and mecha-
nisms of action of the many metabolites created by the gut
microbiota and phase I/II metabolism of polyphenols have
been largely overlooked in favor of concentrating on the par-
ent compounds. Given that many of these metabolites, in-
cluding a number of ubiquitous simple phenolic acids, are
found naturally in plants, it seems reasonable to suggest
that plant models might make a reasonable starting point
for rectifying the imbalance in this literature.
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