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Summary

Allergic disorders encompass skin, food and respiratory allergies. Sensitization to a normally
harmless allergen results in the immune system being biased to a predominant T-helper type 2
response. Re-exposure to the same allergen leads to a robust secretion of allergy-related
mediators that eventually triggers symptoms. Our understanding of these disorders has
enabled the search of therapeutic approaches that can either modulate the sensitization
process or impact on allergic mediators, thus helping manage allergic symptoms. Polyphenols
are one such class of compounds that are found in foods and plant sources and have been
investigated for their anti-allergic effect in different disease models and in human clinical
trials. Their anti-inflammatory profile is known to impact on the recruitment of immune cells
to the skin and in preventing the development of secondary infections following disruption of
the skin barrier. The interaction of polyphenols with proteins can modulate the process of
allergic sensitization and their direct effect on allergic effector cells such as mast cells inhibit
mediator release, resulting in the alleviation of symptoms. In addition, their endogenous anti-
oxidant ability limits the extent of cellular injury from free radicals during the allergic insult.
Overall, polyphenols hold promise as anti-allergy agents capable of influencing multiple
biological pathways and immune cell functions in the allergic immune response and deserve
further investigation. The objective of the current review is to summarize the key findings and

Nestle Research Center, Vers-chez-les-
Blanc, CH-1000 Lausanne 26,
Switzerland.

E-mail: annick.mercenier@rdls.
nestle.com

progress made in studying polyphenols as anti-allergic ingredients. Special emphasis is
placed in this review to highlight key physiological, cellular and signalling pathways
implicated in the mechanism of action of different polyphenols in the context of allergic
disorders and their manifestations.

Introduction

The incidence of allergic disorders has increased dramati-
cally in the developed world and a variety of factors
(environment, genetics, hygiene, diet, etc.) are known to
impact on their development [1-3]. Allergies may start in
predisposed individuals from early infancy i.e. atopic
eczema, followed by the development of food allergies.
Respiratory allergies [allergic rhinitis (AR) and asthma]
occur later in life and complete the sequelae of allergic
manifestations often termed as the ‘Atopic March’ [4-6].
Allergies represent a dysregulated immune response to a
multitude of allergens normally present either in the
environment (dust mite, grass pollen) or in food (milk,
eggs, nuts, wheat) [7, 8]. Recent advances in the under-
standing of the pathophysiology of allergy have revealed
a series of complex immune cell interactions that can be
manipulated to influence either sensitization to the aller-
gen (prevention) or help alleviate allergic manifestations
(treatment) [9, 10].

A majority of therapeutic options available today for
allergies (corticosteroids, anti-histaminics) are aimed at
treating different allergic symptoms. While proven to be
highly effective, numerous factors such as the dose and the
route of administration account for the efficacy of these
treatments, notwithstanding the adverse effects that are
sometimes associated with a chronic use of these medi-
cines [11, 12]. What would then be the ideal profile of an
anti-allergic therapy? It should ideally be able to impact
on allergic sensitization as well as alleviate allergic symp-
toms once sensitization to the allergen has occurred. The
therapy should also be beneficial against different allergic
disorders i.e. atopic eczema, food allergies, AR and asthma
and ultimately be safe upon long-term administration.

Recent scientific evidence from pre-clinical studies and
human clinical trials has highlighted different nutritional
interventions such as probiotics, vitamins, lipids and
dietary polyphenols as promising agents that can impact
both allergic sensitization and alleviate allergic symptoms
[13-15]. Dietary polyphenols are a class of bioactive
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compounds that are found in abundance in plant (tea,
cocoa, coffee, etc.) and fruit (apple, grapes, pomegranate,
etc.) sources and have been studied extensively in numer-
ous disease models [16-19]. The safety profile of dietary
polyphenols and their presence in the daily diet suggest
that these compounds should be evaluated further as anti-
allergy agents [20-22].

Polyphenols modulate different phases of the allergic
response

Polyphenols are classified mainly based on their chemical
structure; the attachment of one or more hydroxyl groups
to the aromatic ring (phenol groups) distinguishes them
from other chemical compounds. Phenolic acids, flava-
noids, hydroxycinnamic acid lignans and stillbenes are
major classes of polyphenols that are commonly found
and have been well characterized (Fig. 1). The flavanoid
group comprises a mix of bioactive compounds that are
the most abundant in plants and fruits and as a result
constitute a majority of polyphenols that are consumed
daily in our diet. The flavanoids can be further classified
into different categories such as the flavones, flavonols,
isoflavones, flavanones and the flavan-3-ols depending
on the placement of the hydroxyl groups on the aromatic
ring structures. Flavonols such as quercetin are widely
present in different berries, apples and red onions and
have been investigated for their anti-inflammatory and
anti-cancer benefits. In relation to allergies, they have
been studied with regard to their specific effect on mast
cells (MC), which are effector immune cells involved in the
allergic response [23-26]. Among the major flavanols are
the catechins and epicatechin derivatives. These com-
pounds are mainly found in green tea, cocoa and choco-
late and have been investigated for their beneficial effects
in improving cardiac function, as anti-cancer agents and
for slowing the ageing process. Their efficacy in allergic
disorders is just beginning to be unravelled and future
research needs to be carried out to substantiate their role
as anti-allergy agents. The major polyphenols known to
have a beneficial effect on allergic disorders are listed
along with their natural sources in Table 1.

Certain classes of polyphenols can influence the devel-
opment of allergic immune responses at two critical
stages, mainly during allergic sensitization and following
re-exposure to the allergen (Fig. 2). During the sensitiza-
tion phase, the ability of polyphenols such as caffeic and
ferulic acid to form insoluble complexes with potentially
allergenic proteins can render the protein hypoallergenic
[27]. Polyphenols belonging to the flavanoid group are
also known to have a direct effect on antigen presentation
by dendritic cells (DC) by either inhibiting the cell surface
expression of MHC-II and co-stimulatory molecules
(CD80, CD86), resulting in inefficient antigen presenta-

tion, or impacting on DC function i.e. inhibiting cytokine
production [28, 29].

In sensitized individuals, allergen re-exposure results in
the differentiation and expansion of T-helper type 2 (Th-
2) helper CD4 T cells that drive the adaptive immune
response by secreting cytokine mediators characteristic of
an allergic response that include IL-4, IL-5 and IL-13.
These Th-2 cells are important in switching antibody
production from B cells to predominantly IgE production
as well as secreting chemokines that attract allergic
immune cells such as MC and eosinophils to inflammatory
sites. Polyphenols such as catechins and their derivatives
can inhibit the production of Th-2 cytokines [30-33] and
impact on the activation, proliferation and recruitment
status of T cells [34-37]. B cell recruitment to inflamma-
tory sites and IgE production were also reported to be
inhibited via polyphenol consumption [32, 38-40]. A
well-studied immunological effect of polyphenols such
as quercetin with respect to allergies is their inhibitory
effect on degranulation, particularly histamine release
from MC and basophils [25, 26, 41, 42]. Two mechanisms
are postulated: one where polyphenols impact allergen--
IgE complex formation and another where they impact on
the binding of this complex to their receptor (FceRI) on
MC and basophils [43-46].

Polyphenols in the prevention and management of skin
manifestations of allergy

The skin is the largest anatomical organ and is constantly
exposed to the outside environment. Atopic eczema or
dermatitis is an allergic disorder of the skin that usually
occurs early in life in infants, starting around 3-4 months
of age, and continues to peak till about 2 years of age [6].
The symptoms of eczema include dryness, itching, inflam-
mation and erythema (redness). In most clinical cases,
there is also an accompanying secondary infection with
Staphylococcus aureus in the affected area, which arises
mostly as a result of a loss of integrity of the skin barrier
and the itching caused by the eczematous reaction. While
several polyphenolic extracts have been described in the
literature to have an impact on skin inflammation, which
we have summarized in Table 2, we focus our discussion
on those polyphenols where the suggested effect has a
possible impact in relation to allergic skin disorders and
where targeting future research could yield a specific
benefit i.e. against pruritis or against staphylococcal
association in atopic eczema.

Polyphenol-enriched extracts mitigate skin inflammation
A local inflammatory response is a critical component of
allergic skin manifestations. Thus, polyphenols with an

anti-inflammatory effect have the potential to be included
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Fig. 1. Different classes of polyphenols, their known plant and fruit sources. Polyphenols are classified on the basis of their chemical structure; the
attachment of hydroxyl groups to the aromatic ring structure (phenol groups) is characteristic of these chemical compounds. Phenolic acids, flavanoids,
hydroxycinnamic acid lignans and stillbenes are major classes of polyphenols and these polyphenols can be found abundantly in plant and fruit sources.

both in the diet and as topical agents to alleviate allergic
inflammation. Tea extracts have been studied for their
efficacy in skin inflammation animal models [47-49].
Green tea extracts are particularly rich in flavanols such
as catechins and epicatechin and their derivatives. Epi-
gallocatechin gallate (EGCG) was found to be the active
ingredient in green tea extracts that provided protection
against cutaneous inflammation. The extract was applied
topically and was found to have a dose-dependant pro-
tective effect [48]. EGCG has been well studied for its
immunological effect using in vitro systems and it has
been observed to suppress the production of the pro-
inflammatory cytokine IL-12 [50]. Using skin explants
and a contact hypersensitivity protocol, it has been
demonstrated that the topical application of polyphenol-
enriched white and green tea extracts is beneficial against
photoprotection [47]. Green tea extracts also reduce
hyperplasia and hyperkeratosis around inflamed skin sites
[49]. So what potential do these compounds hold specifi-
cally for alleviating allergic inflammation in the skin?

© 2011 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1-14

Allergic inflammation of the skin is characterized by an
infiltration of T cells, MC, and eosinophils at inflamed
sites; in a study examining the direct effect of green tea
compounds on T cells in vitro, the green tea pigments
(theaflavins) and polyphenols were found to inhibit the
production of the T cell growth factor IL-2. In addition, the
levels of Th-1 and Th-2 (IL-4 and IL-5) cytokines were
inhibited [31].

EGCG is known to have an affinity binding to the CD4
molecule, thus limiting the interactions of the co-receptor
with its known ligands [51]. Catechins and EGCG have
been demonstrated to inhibit the up-regulation of adhe-
sion molecules such as CD11b on circulating B and T cells,
thereby inhibiting their migration to inflammatory sites
[38, 52]. EGCG can also inhibit histamine release from MC
and basophils. Using an in vitro assay that studies hista-
mine release from a rat basophilic cell line (RBL-2H3),
EGCG was shown to have a dose-dependent inhibitory
effect on histamine release from cells stimulated both with
a calcium ionophore and an IgE-antigen complex [42].
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Table 1. Polyphenols, their sources and their effect on allergic disorders

Prevention vs.

Polyphenol Source treatment Strength of evidence

Flavonols

Quercetin Green vegetables, red onion, tea, Treatment Strong, especially well-characterized immune effect
apple, grapes

Rutin Citrus fruits, berries Treatment Weak, mostly from in vitro assays

Flavanols

Catechin Green tea, apples, cocoa, wine, Prevention, Good evidence especially on flavanol-rich extracts. Further

Epicatechin chocolates Treatment characterization needed

Procyanidins

EGCG Green, white, oolong tea Treatment Further characterization is needed

Flavanones

Naringenin Grapefruit, tomato skin, citrus fruits Treatment Few studies with good results. More evidence needed

Flavones

Luteolin Thyme, rosemary, oregano Treatment Weak evidence, further studies required

Phenolic acids

Chlorogenic Coffee Prevention Promising in vitro. Further in vivo data required

Others

Resveratrol Grapes Treatment Well-known anti-inflammatory. More evidence required for

allergies
Curcumin Turmeric Treatment Few studies, further evaluation needed
Avenanthramides  Oats, walnuts Treatment Weak. More studies needed

EGCG, epigallocatechin gallate.

Other in vitro studies performed on basophils showed that
EGCG impacts on the activation of basophils via the
inhibition of FceRI expression [44]. Oolong tea, a tradi-
tional Chinese tea, is reported to have anti-allergic activ-
ities [53]. In a clinical trial, oolong tea was found to reduce
the severity of pruritis in subjects suffering from recalci-
trant atopic dermatitis [54]. Apple polyphenols were
also investigated in a pilot clinical trial with atopic
eczema subjects; their consumption for 8 weeks at a dose
of 10mg/kg reduced the inflammation, lichenification
and itching associated with the disease compared with
the control group, where standard therapy was main-
tained [55].

Polyphenols have anti-itch activity and are required for
optimal skin health

Itching or pruritis is one of the most disturbing symptoms
of atopic eczema; it severely impacts on the quality of life
(QOL) of the allergic subjects and leads to complications
such as secondary infection. Avenanthramides are poly-
phenolic compounds that are found exclusively in oats
and have been studied for their health benefits [56]. These
polyphenols have been shown to mitigate inflammation in
animal models of skin inflammation such as contact
hypersensitivity and specifically act as anti-itch agents in
a pruritogen-induced model [57]. Their effects on kerati-
nocytes and immune cells were examined in in vitro
systems. These polyphenol compounds are believed to
inhibit nuclear factor kB (NF-xB) activation and decrease

pro-inflammatory cytokines such as TNF-o and IL-8.
These findings are consistent with those obtained in
different animal models of disease where these com-
pounds have been evaluated [58, 59]. Quercetin and
luteolin are two other polyphenols reported to be capable
of inhibiting skin itching and flush reaction (increase
in skin temperature) [60]. However, in a human clinical
trial evaluating the efficacy of quercetin on skin
irritation and skin barrier function, it was observed that
the topical application of quercetin on irritated skin was
without any effect [61]. In addition to their anti-inflam-
matory effect, polyphenols are likely to impact skin health
via their anti-oxidant function. The effect of consuming
both low- and high-dose cocoa drinks was evaluated
on skin health and microcirculation in healthy women; it
was reported that only high-dose oral consumption
with cocoa rich in flavanols led to decreased water loss
from the skin and an improvement in dermal blood
circulation [62].

Role of polyphenols in the management of staphylococcal
infection in atopic eczema

The skin of subjects with atopic eczema is often colonized
with S. aureus bacteria; this association is speculated to
contribute to the increased severity of symptoms asso-
ciated with eczema [63, 64]. Management strategies to
treat this secondary infection include mainly antibiotic
therapy [65]. Polyphenols hold potential as a treatment
option to help negate the virulence associated with

© 2011 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1-14



Polyphenols alleviate allergic inflammation 5

Polyphenols bind to the allergen:
Improper recognition by APC

-Direct effect on T cells
-Inhibit cytokines
-lnduceT cells apoptosis

IL-4
IL-5
IL-13

Inhibition
of Ig production

‘ Inhibition of degranulation

2 -]
]
-
m
1]
=]
" i
Y Allergen 3
s v,
' ' =
\ ¥ &
o
- =
o 0 ) o
= ] 3
A = W DC B
Activated T cells:
proliferation
=
o
]
m
=]
=
-3
o
>
k=]
=]
wn
c
-
]
Circulating
IgE production
]
—— ]
(T o0 A
l\__:{}- J
| oo
1 °°

Fig. 2. Mechanism of action of polyphenols in allergic disorders. Polyphenols can impact the development of allergic immune responses at two critical
stages: allergic sensitization and during re-exposure to the allergen. Polyphenols can form insoluble complexes with allergenic proteins and render
them hypoallergenic. This leads to inefficient antigen presentation by specialized cells such as dendritic cells (DCs). Polyphenols can also directly
modulate DC maturation and function. During re-exposure, polyphenols can inhibit T cell proliferation and cytokine production and also impact on
antibody production via B cells. Polyphenols such as quercetin can inhibit mediator release from allergic effector cells such as mast cells.

S. aureus in atopic eczema patients. In particular, apple
polyphenols have been described to inhibit the biological
activity of staphylococcal enterotoxins [66, 67]. In these
studies, the ability of both commercially available apple
juices as well as polyphenol-enriched apple extracts was
examined. Apple condensed tannins (ACT) and hop bract
tannins (HBT) were found to be effective in vitro in
neutralizing the enterotoxin activity. In addition, HBT
preparations inhibited skin inflammation in in vivo mod-
els [66]. Similar observations were made in another study
where staphylococcal enterotoxin A (SEA)-induced mur-

© 2011 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1-14

ine splenocyte proliferation was inhibited via polyphenol-
enriched apple extracts. Using an innovative in vitro
approach to quantify the binding of the enterotoxin to
the polyphenolic components, it was demonstrated that
the polyphenols bind irreversibly to the enterotoxin,
rendering it inactive [67]. The polyphenols had no effect
on the viability of the splenocytes. These are important
observations that first of all provide evidence for the use
of polyphenols as a management strategy for skin inflam-
matory conditions and secondly support their integration
within food matrices for the neutralization of
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Table 2. Effect of polyphenols on skin-allergic responses

Polyphenol Source Study

Observations

Catechin derivatives, Green, white

In vivo and ex vivo effect of tea polyphenols applied topically

Protection conferred by topical application

EGCG [47, 49, 53, and oolong or given orally on passive cutaneous anaphylaxis and skin of green and white tea extracts
54] tea inflammation Moderate improvement in 2/3rd of
Oolong tea administered (10 g tea bags three times daily) to subjects after 1 month of consumption.
subjects with recalcitrant atopic eczema (n = 118). Regular No statistical significance
treatment maintained in an open trial [54]
Avenanthramides Oats Topical application of the polyphenols in an oxazolone- Effect on the NF-kB signalling pathway in
[57] induced murine model of contact hypersensitivity keratinocytes. Inhibition of edema and
itching at inflammatory sites
Apple condensed Apple In vitro ability of apple juices and polyphenol extract to bind Inhibition of biological activity of
tannins (ACT) and to enterotoxins and effect on enterotoxin-induced T cell enterotoxins by apple polyphenols.
polyphenols proliferation

[66, 67] (flavanols

and flavanoids)
Luteolin [60] Pure isolated

polyphenols (4.3 mg per animal)

Quercetin [61] Pure isolated

polyphenols
erythema evaluated
Flavanols [62] Cocoa
(catechin,
epicatechin,
procyanidins)

Niacin-induced flush in vivo model. Luteolin given i.p.
Contact dermatitis was induced in human subjects (n = 15).
Quercetin applied topically for 5 days. Skin water loss and

Crossover human trial (n = 10), healthy women consumed a
low- (27 mg) or a high- (329 mg) dose cocoa-rich drink

Luteolin blocked the increase in
inflammatory mediators such as
prostaglandins

No benefit observed of the topical
application of the polyphenol compared
with the control

High-dose cocoa drink consumption
decreased skin water loss and improved
dermal blood circulation

EGCG, epigallocatechin gallate; NF-kB, nuclear factor «B; i.p., intraperitoneally.

staphylococcal enterotoxins that are often contaminants
in food products and have been implicated as adjuvants in
promoting food-allergic immune responses in animal
models [68, 69].

Polyphenols in the prevention and management of food
allergy

Food allergies are common in children and occur in
around 2-5% of all children [70]. These allergies are often
linked to the subsequent development of respiratory
allergies such as rhinitis and asthma [1, 5]. As such,
intervention strategies that target both prevention of
sensitization to food allergens as well as help negate
allergic symptoms associated with food allergies are likely
to have an additional impact later on in life in lowering
the risk of developing AR or allergic asthma. Preventing
food allergy requires that the causative allergen be elimi-
nated from the diet. This, however, does not take away the
risk associated with accidental exposure to the allergen
that can trigger severe allergic reactions in susceptible
subjects. Polyphenols in the diet can impact on both
allergic sensitization to food allergens as well as inhibit
adaptive immune responses that lead to allergic symp-
toms. Table 3 summarizes studies that have been reported
in the scientific literature with regard to food allergy and
different polyphenol extracts.

Polyphenol-protein interactions: reduced allergenicity of
common food allergens via polyphenols as a preventive
approach against food allergies

Polyphenol and protein interactions have been studied in
detail [71, 72]. Polyphenols form soluble and insoluble
complexes with proteins and can render them hypoaller-
genic by either changing the structure of the allergenic
protein or rendering it less bioavailable. Polyphenols of
the phenolic acid category that include caffeic, ferulic and
chlorogenic acids have been evaluated for their ability to
bind to the main allergens present in peanuts, Ara h 1 and
Ara h 2. In these interesting studies, it was demonstrated
that polyphenols bind irreversibly to the allergens in
peanuts and reduce the allergenicity of peanut butter and
peanut extracts [27]. Polyphenols such as ellagic acid that
are found in common allergic foods such as walnuts have
also been shown to be effective in binding to allergenic
proteins within the food matrix [71, 73]. Our observations
in an in vivo food allergy murine model with polyphenol-
enriched apple extracts also support the hypothesis that
one of the mechanisms by which polyphenols may exert a
beneficial effect is due to their affinity to bind to the
causative allergen i.e. ovalbumin (OVA). We observed that
complexing OVA with apple polyphenols led to a dose-
dependent reduction in allergenicity and the polypheno-
1-OVA complexes were inferior in triggering mediator

© 2011 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1-14
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Table 3. Effect of polyphenols on the prevention and treatment of food allergies

Polyphenol Source Study

Observations

Phenolic acids [27,33,71] (ferulic, Pure

caffeic, gallic, chlorogenic) compounds
Apple condensed tannins (ACT) Apple

and polyphenols [33,74]

(phloridzin, catechins and

derivatives, quercetin) allergy
Luteolin, rosmarinic acid and rutin =~ Thyme,

[76] rosemary,

tarragon

Quercetin [23—25] Pure isolated

polyphenols

In vitro binding of major allergenic peanut
proteins to phenolic compounds and
IgE-binding capability of the complexes

Investigation into preventive [74] (given in
drinking water at doses of 0.1-1%) and
treatment [33] effect (1% in diet) on food

In vitro model to study intestinal
permeability by investigating OVA
permeation through Caco-2 monolayer’s

Direct in vitro effect of the polyphenol on
mast cell activation (CD23 expression)

Formation of insoluble complexes by phenolic
compounds with allergenic proteins. Reduced
IgE-binding of the complexes

ACTs have a preventive effect on allergic
sensitization. Protection correlates to an
increase in TCR ydT cells in the gut [74].
Polyphenol enriched extract inhibits
symptoms of food allergy upon challenge in
sensitized mice and decreases immune
parameters such as mMCP-1 and Th2
cytokines[33]

Inhibitory effect of the isolated polyphenols on
OVA permeability

Inhibition of CD23 expression and histamine
release. Decreased Ca®" influx by quercetin

and mediator release (histamine) [23]

mMCP-1, mouse mast cell protease-1; OVA, ovalbumin; Th2, T-helper type 2; TCR, T cell receptor.

release from RBL-2H3 cells in vitro compared with native
OVA protein [33]. A word of caution to this approach must
be mentioned, particularly in relation to allergen detec-
tion systems; the high polyphenol content within the food
matrix can mask the detectable levels of allergen. Further
research is needed in order to validate this hypothesis and
to generate hypoallergenic foods via polyphenol treat-
ment.

Polyphenols modulate food-allergic manifestations and
impact gut morphology and function

Polyphenols have been investigated by various research
groups for their ability to modulate intestinal Th2
responses. ACT from unripe apples were shown to inhibit
sensitization to an orally fed antigen in a murine model.
This beneficial effect correlated with an increase in yo T
cells among the intestinal intraepithelial lymphocyte cell
population in the group of animals that received the ACT
in their daily diet [74]. Using a murine model of food
allergy, we have also investigated the effect of a poly-
phenol-enriched apple extract on the development of
allergic manifestations in sensitized animals. In this model,
a challenge with a high dose of the allergen in sensitized
mice induces allergic symptoms that include itching,
diarrhoea, immobility and, in extreme cases, food-induced
anaphylaxis. The group of animals that received a 1%
incorporation of the polyphenol extract in their diet had
significantly reduced allergic symptoms following the
challenge as well as reduced systemic levels of mMCP-1,
an immune marker of allergic inflammation [33].
Polyphenols can decrease the cell surface expression of
adhesion molecules such as CD11b on pro-inflammatory

© 2011 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1-14

monocytes, but simultaneously increase its expression on
immune regulatory T cell populations [35]. This suggests a
balancing effect of polyphenols on the immune system,
where the migration of regulatory immune cells to sites of
inflammation takes precedence over the recruitment of
pro-inflammatory cells. Transcription of genes coding for
pro-inflammatory mediators is also repressed; apple poly-
phenols target pro-inflammatory signalling pathways
such as NF-kB and modulate the expression of transcrip-
tion factors such as STAT-1 and IRF-1. In these studies,
the relative gene expression levels of pro-inflammatory
chemokines such as I[P-10, CXCL10 and enzymes like
COX-2 and CYP3A4 were also reduced; this effect was
mostly due to the presence of flavan-3-ol (procyanidins)
polyphenols in the apple [75].

Luteolin, rutin and quercetin polyphenols have been
reported to inhibit the permeation of the antigen in a
Caco-2 cell monolayer in vitro model [76]. These com-
pounds may play a role in maintaining intestinal barrier
integrity. The influence of apple and red wine polyphenols
on gut health and development has been studied in
weaning piglets by incorporating either apple or red-wine
pomace into the piglet starter diet. Polyphenol incorpora-
tion increased crypt size in the colon as well as reduced
gut-associated lymphoid tissue activation in Peyer’s
patches, suggesting a faster immune development around
weaning with polyphenol consumption [77]. MC that
secrete histamine are often the first intermediaries at
intestinal sites due to increased intestinal permeability
that promotes food-allergic immune responses [78, 79].
Polyphenols such as quercetin can regulate Ca’" entry
into MC and inhibit their activation and cytokine produc-
tion; also, the role of quercetin and polyphenols obtained
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from apple and grapes in inhibiting MC degranulation has
been well documented using in vitro systems such as the
RBL-2H3 assay [23-25, 80-82].

Gut metabolites of polyphenols and the interaction of
polyphenols with gut commensals

Our understanding of how polyphenols impact intestinal
allergic inflammation and gut morphology is incomplete
without a closer examination of their absorption status as
intact ingredients ingested via food or their interaction
with the intestinal microbiota that leads to the breakdown
of polyphenols into metabolites in the gut. Several studies
studying this aspect of polyphenol biology have largely
agreed on the fact that a vast majority of polyphenol
absorption occurs in the colon segment of the large
intestine [83-86]. Experimental systems that include in
vitro assays, animal models and human clinical trials have
attempted to understand the process of the generation of
the metabolites of polyphenols as well as their bioavail-
ability and functional effects.

Polyphenols obtained from pomegranates such as
punicalagins were examined in vitro using pH-controlled
fermentation systems [87]. Culture of fecal bacteria
obtained from distal segments of human large intestines
with polyphenols led to the generation of a series of
metabolites called urolithins. The polyphenols in turn
promoted the growth of Bifidobacterium and Lactobacillus
bacterial species, which have often been studied for their
health-promoting effects, but did not impact on the
growth of potentially harmful species such as Clostridium
spp. Similarly, grape polyphenols were evaluated for their
direct effect on the growth curve kinetics of Lactobacillus
acidophilus CECT 93 strain in liquid cultures. These
polyphenols were able to significantly increase the
biomass of this particular strain [88]. Also, in another
study, it was observed that the oral administration of a
grape skin extract rich in polyphenols that was fermented
in the presence of a Lactobacillus plantarum strain
exerted a beneficial effect on allergic responses, while the
non-fermented extract had no effect [89]. Rutin and
phloridzin polyphenols have also been reported to en-
hance the adherence of a probiotic strain Lactobacillus
rhamnosus to Caco-2 cells [90]. Studying the effect of
tea polyphenols such as catechins and epicatechin and
their metabolites on the growth of fecal bacteria, another
group reported the ability of these polyphenols to inhibit
the growth of certain pathogenic bacteria; however, no
impact on the growth of Bifidobacetrium and Lactobacil-
lus species was observed [91]. Metabolites of flavan-3-ols
such as procyanidins were directly evaluated for their
immune profile on human PBMC cells that were stimu-
lated with LPS; these metabolites had an anti-inflamma-
tory property and could inhibit the production of
pro-inflammatory cytokines such as TNF-o and IL-6 [92].

It should, however, be kept in mind that metabolite
generation from polyphenols could differ between differ-
ent individuals based on the composition and function of
colonic microbiota [93].

Polyphenol consumption alleviates respiratory allergy
manifestations

The incidence of AR, an allergic disease of the upper
airways, and allergic asthma, which is an inflammatory
disorder of the lower airways, has increased drastically
over the last 20 years [1, 5, 94]. AR is characterized
by symptoms such as nasal obstruction, runny nose,
sneezing and pruritis. Often ocular symptoms like watery
red eyes and itching in eyes manifest along with nasal
symptoms. These symptoms can either be seasonal
(pollen) or perennial [house dust mite (HDM), pet dander].
The major hallmarks of allergic asthma include inflam-
mation, broncho-constriction that leads to wheezing,
mucus production and increased lung hyper-reactivity.
There is growing evidence in both animal models and in
clinical trials with individuals suffering from respiratory
allergies that polyphenol consumption has beneficial
effects. Table 4 summarizes the various studies that
have evaluated their role in the context of respiratory
allergies.

Polyphenols inhibit airway inflammation and tissue
eosinophilia

Airway inflammation in respiratory allergies is character-
ized by lung infiltration of lymphocytes and eosinophils.
Using animal models of allergic airway disease, poly-
phenols have been shown to inhibit Th-2-driven
allergic inflammation. Naringenin chalcone, a polyphenol
extracted from the skin of red tomatoes, is effective in
inhibiting eosinophilic recruitment around the airways in
a murine model of allergic asthma. IL-4 and IL-5 produc-
tion from in vitro stimulated splenocytes in the group
receiving the polyphenol was also suppressed [30].
Resveratrol, a polyphenol from grapes, and a polyphenolic
extract isolated from marine red algae (Laurencia undulata)
have both been shown to have anti-asthmatic potential as
their administration decreased levels of the Th-2 cytokines,
IL-4 and IL-5, in bronchoalveolar lavage of sensitized
animals [95, 96]. Dietary flavones such as apigenin may
have potential in the prevention of allergic sensitization.
When incorporated into the diet during the sensitization
process, the polyphenol inhibited mRNA synthesis of IL-4
and IL-13 cytokines in splenocytes [32]. In an interesting
study evaluating the direct effect of polyphenols on en-
dogenous proteases present in environmental allergens
such as HDM, it was reported that polyphenol components,
mainly EGCG and myricetin, inhibit the enzymatic activity
of these proteases and thus hold potential in preventing

© 2011 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1-14
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Table 4. Effect of polyphenols on respiratory allergies

Polyphenol Source Study Observations

Naringenin chalcone [30, 109] Tomato Mice sensitized and challenged with allergen Decreased pulmonary eosinophilia, reduced
(OVA). Polyphenol given orally (0.8 mg/kg) Th2 cytokine production in re-stimulated
for the entire duration of the protocol cells

Double-blinded placebo-controlled clinical Decreased total symptom scores, significant

trial (n = 33), subjects given orally either decrease in sneezing. Quality-of-life
tomato extract (360 mg daily) or placebo for improvement in subjects taking tomato
8 weeks extract

Resveratrol [96] Grape Polyphenol given to sensitized mice in the Decreased Th2 cytokine levels in the lungs

Quercetin [121, 122] and
isoquercitrin [123, 124]

Flavanols [94] (catechin,

Pure isolated
polyphenols

Green tea, pure

OVA-asthma model

Quercetin (10 mg/kg and Isoquercitrin (15 mg/
kg) for 5 days orally to sensitized mice in a
murine asthma model. Clinical trials (n = 24)
with isoquercitrin (100 mg twice daily) for 8
weeks on Japanese cedar pollinosis
symptoms in adults

In vitro and in vivo effect of flavonols on the
protease activity of Df-protease isolated from
house dust mite was evaluated. In vitro
inhibitory effect of flavonols on allergic
effector cells such as mast cells and basophils

OVA-asthma model, mice administered

Two clinical trials on seasonal (n =36, 500 mg
daily for 12 weeks vs. placebo) and perennial
allergic rhinitis (n = 33, placebo, low dose
50 mg and high dose 100 mg for 4 weeks)

OVA-sensitized mice were challenged with
aerosolized OVA; curcumin (200 mg/kg) was
given both i.p. and via the oral route for 3

In vitro and in vivo effect on tracheal smooth

epicatechin, ECG, EGCG) isolated
polyphenols

Chlorogenic and caffeic Coffee

acid [125, 126] phenolic acids i.p. for 5 days
Apple condensed tannins (ACT) Apple

and polyphenols [107, 108]

(phloridzin, catechins,

epicatechin, quercetin)
Curcumin [105] Turmeric

weeks

Provinol [103, 106] Red wine

muscles reactivity in sensitized guinea-pigs

and plasma. Mucus production and
airway hyperresponsiveness inhibited in
the treatment group

Decreased eosinophilia in broncho-alveolar
lavage (BAL) in the polyphenol-treated
groups

Significant improvement in ocular itching
and quality-of-life score. No effect on
Th2 cytokines

EGCG was the most effective in inhibiting
protease activity

Inhibition of pulmonary eosinophilia and
reactive oxygen species. Chlorogenic acid
decreased specific IgE and Th2 cytokines

Significant improvement in sneezing scores
in both the trials. Nasal discharge
inhibited in the high-dose group in
perennial rhinitis

Curcumin administration decreased airway
hyperresponsiveness and lung
inflammation. Inhibition of NF-xB
activation

Bronchodilator effect of provinol
administration via nitric oxide (NO)
metabolism

ECG, epicatechin gallate; Epigallocatechin gallate; NF-xB, nuclear factor kB; i.p., intraperitoneally.

sensitization to airborne allergens [97]. It is likely that in
addition to their anti-inflammatory effect on immune cells,
polyphenols can limit inflammation via their anti-oxidant
role. The generation of reactive oxygen and nitrogen
species in chronic inflammation such as asthma can trigger
inflammatory mediators such as leukotrienes and prosta-
glandins. Polyphenols may inhibit the generation of these
compounds via their neutralization effect on reactive
oxygen and nitrogen species [97-99].

Polyphenols alleviate mucus production and impact on
airway hyperresponsiveness

Polyphenols can act as anti-hypersecretory agents, limit-
ing the amount of mucus production in respiratory

© 2011 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1-14

allergies. The effect of epicatechin gallate (ECG) on
mucus-associated genes in a nasal epithelial cell line was
investigated using an experimental system where the
generation of reactive oxygen species (ROS) is achieved
by stimulation with H,0,. This results in an over-expres-
sion of mucus-associated genes; ECG inhibited the
generation of ROS and MUC5AC expression in epithelial
cells [100]. Another study evaluated the effect of poly-
phenols such as EGCG, quercetin, gingerol and curcumin
on ciliary movements and MUC5AC expression in human
airway epithelial cells activated via the pro-inflammatory
cytokine IL-1B. EGCG, quercetin and gingerol inhibited
MUC5AC expression at different concentrations and
had no effect on cell proliferation or ciliary movements
[101]. Resveratrol, belonging to the stillbenes class of
polyphenols and found in grapes, has been shown to be a
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mucolytic agent and to inhibit mucus over-production
when administered to mice suffering from allergic airway
disease [96]. Also, curcumin, a polyphenol present in
turmeric, was found to decrease mucus formation around
the airways in a similar murine asthma model. Both
these polyphenols also reduce the oxidative stress,
which can inhibit inflammatory pathways such as NF-xB
and are thus valuable dietary agents to modulate airway
inflammation in chronic diseases such as asthma in cases
where corticosteroids are no longer effective [102]. More-
over, polyphenols have a broncho-dilatory effect and can
improve physiological lung function [30, 95, 96,
103-105]. Polyphenols such as provinol, which are found
in red wine were shown to inhibit tracheal smooth muscle
reactivity, were shown to inhibit tracheal smooth muscle
contraction. Further investigation confirmed the effect of
provinol in alleviating tracheal reactivity to mediators
such as histamine and this mechanism involved nitric
oxide production [103, 106].

Human clinical trials support the integration of
polyphenols into the management of respiratory allergies

Human clinical trials to support the efficacy of polyphe-
nols as an anti-allergy ingredient were primarily
conducted in subjects suffering from respiratory allergies.
A placebo-controlled trial evaluating the effect of both
alow- and a high-dose consumption of apple polyphenols
in subjects with persistent AR to HDM showed that
the high dose could help alleviate symptoms such as
sneezing and runny nose. Nasal examination in the
polyphenol-treated group of subjects showed decreased
swelling of the nasal turbinates [107]. A study conducted
in Japan on subjects sensitized to cedar pollen showed
that the administration of apple polyphenols to the sub-
jects 2 weeks before the start of the pollen season, and
continued through the season, helped to significantly
reduce the reported incidence of sneezing in allergic
subjects when compared with the placebo group [108].
The efficacy of a polyphenol-rich tomato extract contain-
ing naringenin chalcone was evaluated in subjects with
perennial AR. Oral administration of the extract for 8
weeks to the subjects relieved sneezing and improved the
QOL of the subjects. Nasal discharge and obstruction also
showed a decreased trend [109].

Future direction in polyphenol research for allergy benefits

The study of polyphenols is clearly an upcoming and
exciting field of scientific research. In relation to their
efficacy for different allergic disorders, several missing
links need to be addressed before recommending them
for the prevention and treatment of allergies. We
propose an integrated scientific approach that should
include:

(1) Studying the bioavailability of polyphenols in the
context of allergic animal models or human subjects.
Bioavailability of polyphenols remains a major considera-
tion and several studies have been conducted to better
understand this aspect [20, 110-113]. Strategies are needed
that help improve the bioavailability of polyphenols and
ultimately enhance their beneficial effect [114].

(2) Use of cutting-edge biochemical tools to identify
active components within the different polyphenol ex-
tracts to understand which particular polyphenol corre-
lates to the different anti-allergic effect [115-118]. It will
also be important to correlate polyphenol metabolites in
the systemic compartment (blood, urine) to their immune
and physiological function benefits. These tools can help
in the standardization of polyphenolic extracts with
respect to batch-to-batch production, depending on the
variety of fruit and plant sources selected for polyphenol
enrichment and ultimately when the extracts are inte-
grated into either a therapeutic formulation or a food
matrix [119, 120].

(3) A better understanding of the cellular impact of
polyphenols on immune cells in different anatomical
locations (gut vs. blood) and their interaction with com-
mensal bacteria is needed. These interactions may even
result in improved bioavailability or the generation of
metabolites that are responsible for the protective effects.
While progress has been achieved with respect to studying
certain polyphenols such as quercetin and their specific
effect on MC, more of these cell-specific interactions with
polyphenols need to be explored.

(4) Polyphenols need to be further evaluated with
regard to their route of administration (oral vs. topical)
and intervention window (prevention vs. treatment) for
different allergic manifestations. For skin allergy, it will be
important to test both topical and oral efficacy, for food
and respiratory allergy oral consumption may suffice.

(5) Whether used as therapy or as dietary interventions,
their long-term safety profile needs to be addressed in
different age groups i.e. in children, adults and the elderly.
The polyphenol content and the safety profile of extracts
from different suppliers can differ; as such, these studies
are needed and will only strengthen the general concept
that polyphenols are safe [20, 21, 110, 111].

(6) There is an urgent need for more human clinical
trials to substantiate the effect of specific polyphenols for
the alleviation of different allergic manifestations. These
clinical trials should include investigations into bioavail-
ability, metabolite generation and safety studies in addi-
tion to addressing the efficacy of the polyphenols for
different allergy-related benefits.
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