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Atopic dermatitis (AD) is an inflammatory skin disease. Over the past few decades, AD has become more
prevalent worldwide. Quercetin, a naturally occurring polyphenol, shows antioxidant, anti-
inflammatory, and antiallergic activities. Several recent clinical and preclinical findings suggest
quercetin as a promising natural treatment for inflammatory skin diseases. Significant progress in
elucidating the molecular mechanisms underlying the anti-AD properties of quercetin has been
achieved in the recent years. Here, we discuss the use of quercetin as treatment for AD, with a particular
focus on the molecular basis of its effect. We also briefly discuss the approaches to improve the

bioavailability of quercetin.

Introduction

AD is the most ubiquitous pediatric inflammatory skin disorder,
which has a variety of causes, including environmental, psycho-
logical, immunological, pharmacological, and genetic factors [1].
AD currently affects millions of children and adults worldwide and
this is expected to increase two-threefold over the next few dec-
ades. Approximately 50% of those with AD develop symptoms
during childhood, with 95% of such patients being less than 5
years of age when the symptoms first manifest. Around 50-75% of
children with early-onset AD are sensitized to allergens, such as
food allergens, house dust mites, or pets, whereas those with late-
onset AD are often less sensitized. Children with severe AD have a
50% risk of developing bronchial asthma and a 75% risk of
developing hay fever [2].

An exact understanding of the mechanism underlying AD is
lacking, which makes it difficult to develop more-efficient man-
agement strategies. AD skin lesions are characterized by increased
infiltration of inflammatory cells, such as monocytes, eosinophils,
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macrophage, mast cells, and activated T helper cells (Th1 and Th2)
[3]. Therefore, drugs that inhibit all of these cells could be expected
to exhibit prompt therapeutic effects. Immune-suppressive topical
or systemic steroids and/or calcineurin inhibitor therapies quickly
result in AD improvement and have been in use for decades;
however, their long-term usage can result in an extensive range
of adverse effects. Moreover, the long-term use of steroids leads to
local reactions, such as skin atrophy, telangiectasia, hypertricho-
sis, and topical steroid addiction [4]. Recently, plant polyphenols,
such as quercetin, resveratrol, naringenin, and tannic acid, have
emerged as therapeutic alternatives for the treatment of AD [5-7].
Flavonoid or polyphenol quercetin is found in most vegetables
and edible fruits, particularly in apples, nuts, herbs, onions, and
cherry wines. This flavonoid has various biological activities,
which are mainly related to its ability to inhibit enzymes and
its effects on immune responses [8]. The pharmacological effects of
quercetin, such as its antioxidant, anti-inflammatory, antiallergic,
antiaging, and anticancer activities, as well as its regulating effect
on interleukin (IL)-6, IL-8, tumor necrosis factor (TNF)a, hista-
mine, and tryptase release in mast cells, are well acknowledged [9].
However, there has been less focus on the effects of quercetin on
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skin inflammation and AD, despite its use in experimental animal
models and human clinical studies in recent years. Thus, here we
review the current evidence that supports the use of quercetin as
an anti-inflammatory and antiallergic agent. We also discuss the
possible mechanisms by which quercetin ameliorates skin inflam-
mation and AD. In addition, we highlight the problem of querce-
tin bioavailability and ways in which it could be improved.

Molecular mechanisms underlying AD

The hallmarks of AD are a chronic, worsening form of skin inflam-
mation, the disturbance of skin barrier function, which resultsin dry
skin, and immunoglobulin E (IgE)-mediated sensitization to aller-
gens [10]. The histological features of AD skin include hyperkerato-
sis, acanthosis with varying degrees of spongiosis, parakeratosis, and
exocytosis of mononuclear cells in the epidermis and a prominent
perivascular infiltrate of lymphocytes, dendritic cells (DCs), and a
few eosinophils in the dermis [7]. Moreover, T lymphocytes have an
essential role in the pathogenesis of AD, with marked infiltration of
activated cluster of differentiation (CD)4+ and CD8+ T cells in the
skin. AD is characterized by an imbalance between Th1l and Th2
resulting from the presence of a specific IgE response in association
with Th2 immune responses [11]. In AD, Th2 cells produce a variety
of cytokines, including IL-4, IL-5, IL-9 and IL-13, which are impor-
tant in stimulating Th1 immune responses [12]. The most extensive
studies indicate that AD has a complex pathogenesis, with the
activation of multiple inflammatory and immunological signaling
pathways [13]. An understanding of the relative roles of these factors
in Ad pathogenesis has been made possible by manipulating various
proteins and pathways, such as (i) high-mobility group protein 1
(HMGB1) signaling; (ii) activation of the Janus kinase (JAK)-signal
transducer and activator of transcription (STAT) signaling pathway;
and (iii) activation of thymic stromal lymphopoietin (TSLP) protein
(Fig. 1).

The HMGBT signaling pathway

Nonhistone nuclear protein HMGB1 is a proinflammatory cyto-
kine associated with the development of several clinical condi-
tions, including AD, psoriasis, arthritis, sepsis, and autoimmune
diseases [14]. It is mainly secreted from immune cells, such as DCs,
monocytes, macrophages, and damaged and/or necrotic cells.
Extracellular HMGB1 can interact with receptor for advanced
glycation end products (RAGE), Toll-like receptor 2 (TLR2) and
TLR4; there is also a possibility that different regions in HMGB1
interact with different receptors [6]. Several studies have demon-
strated that RAGE, TLR2, and TLR4 interactions with HMGB1
activate the nuclear factor kappa B (NF-kB) pathway to mediate
the cytokine activity that is involved in inflammation and oxida-
tive stress in AD [7]. In addition, the interaction of RAGE with
HMGB1 activates the extracellular signal-regulated kinase (ERK)1/
2 and NF-kB signaling pathway. Recent reports suggest that ERK1/
2 and NF-kB signaling are involved in inflammatory skin disease
and that inhibitors of this pathway ameliorated inflammation in
various rodent models of human skin diseases [15]. A similar
scenario has been described for NF-«kB, and activation of RAGE
can induce downstream signaling, such as NF-kB expression in
inflamed AD skin in mice. NF-«kB transcription factors also stimu-
late the transcription of Th1 and Th2 cytokines, currently a focus
of research interest.

e

Ce s e Jsim T e 0o

2.+ Activation of immune cells

°

Lymphocytes

Macroph;ges DCs

NK cells

signaling
activation

TLR2, TLR4/RAGE
signaling cascade
activation

ERK, NF-xB
signaling pathway

Th2/Th1 differentiation

activation
Cytokines, chemokines
proinflammatory factors

production

Skin
G oL o o > ) & ) e
L e ) o ) - ke ke )

Drug Discovery Today

FIGURE 1

Schematic diagram for the possible modulation of immune cell-mediated
inflammatory responses in atopic dermatitis (AD). Allergens are taken up by
immune cells and activate downstream danger signaling molecules, such as
thymic stromal lymphopoietin (TSLP), high-mobility group protein 1
(HMGB1), and the Janus kinase-signal transducer and activator of
transcription (JAK-STAT) pathway, which then leads to the alteration of
balance between T helper 1 (Th1) and Th2 cells. These cells encourage the
production of cytokines, chemokines, and proinflammatory factors that leads
to AD-like skin lesions. Please see the main text for further definitions of the
abbreviations in this figure.

The above findings clearly suggest that activated HMGB1 inter-
acts with TLR2, TLR4, and RAGE to activate downstream signaling
that leads to inflammation in animal models of AD. Numerous
reports have demonstrated that quercetin inhibits HMGB1 trans-
location and its downstream cascade signaling pathway in the skin
of AD mice [16]. Similarly, in another study, quercetin treatment
prevented lipopolysaccharide (LPS)-induced HMGB1 release and
proinflammatory functions [17]. Moreover, quercetin has been
reported to have an inhibitory role in other signaling pathways,
namely the tyrosine-phosphorylated phosphatidylinositol-3-ki-
nase (PI3K) and myeloid differentiation factor 88 association
signaling pathway and the mitogen-activated protein kinase
(MAPK)/activator protein 1 (AP1) and IkB kinase (IKK)/NF-«B
pathway, which induce the production of inflammatory mediators
in macrophages [18].
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JAK-STAT signaling

JAK-STAT signaling is a classic signal transduction pathway for
several cytokines and growth factors. The ligands binding to their
receptors leads to JAK activation, which in turn phosphorylates
and causes STAT activation. The activated STATSs translocate to the
cell nucleus, where they regulate gene expression [19]. In that AD
is a Th2-dominant disease, IL-4 signaling activates the JAK-STAT6
pathway to regulate Th2-related target genes in AD lymphocytes
[20]. Studies have shown that activated mast cells enhance the
production of Th2 cytokines and attenuate the secretion of Thl
cytokines; mast cells or histamine activated JAK-STAT signaling,
which triggered IL-13 production in a murine Th2 cell line [21].
Another study suggested that activated histamine suppresses
STAT1 activation through H4 receptors on T cells, which drives
the Th2 response, leading to the development of AD.

In many cases, the cytokine receptors recruit JAK family mem-
bers [JAK1, JAK2, JAK3, and tyrosine kinase 2 (Tyk2)] into signaling
complexes; thus, genetic deletion of JAK2 mice resulted in embry-
onic lethality due to defects in erythropoiesis [22]. Consequently,
local suppression of JAK1/JAK2 could be therapeutic in inflamma-
tory skin diseases by limiting systemic JAK inhibition. STAT3 has
important part in inflammatory skin diseases, as well as in normal
keratinocyte function. Increased phosphorylated STAT3 levels
were observed in AD skin lesions and keratinocyte-controlled
expression of a constitutively active STAT3 in mice resulted in
skin lesions with striking similarity to those in humans with AD
[20]. Thus, JAK-STAT signaling represents a promising therapeutic
target for the treatment of AD.

Quercetin has been shown to inhibit the JAK-STAT pathway in
inflammatory diseases. Moreover, in vitro treatment of activated T
cells with quercetin blocked IL-12-induced tyrosine phosphoryla-
tion of JAK2, TYK2, STAT3, and STAT4, resulting in decrease T cell
proliferation and Th1 differentiation [23]. Thus, the anti-inflam-
matory nature of quercetin has a role in the attenuation of AD by
modulating the TLR2 and JAK2/STAT3 pathways and inhibiting
STAT3 tyrosine phosphorylation within inflamed cells [24]. The
cytokine-mediated upregulation of inducible nitric oxide synthase
(INOS) and intercellular adhesion molecule 1 (ICAM-1) via the
JAK-STAT cascade was abolished by quercetin treatment [25].
Hamalainen et al. [26] reported that quercetin inhibited LPS-
induced STAT1 activation along with its inhibitory effect on iNOS
and NF-«kB expression, which are involved in the activation of
several inflammatory genes.

Activation of TSLP

Levels of TSLP, an epithelial-derived cytokine with a role in Th2
immunity, are significantly increased in human AD skin as well as
blood. Recent animal studies suggest that keratinocyte-produced
TSLP is involved as a link between AD and asthma [27]. TSLP
signaling is initiated via a heterodimer comprising the IL-7 recep-
tor a chain and TSLP receptor (TSLPR), which was originally
characterized by its ability to promote the activation of B lym-
phocytes and myeloid DCs [28]. TSLP is also expressed by primary
skin keratinocytes, smooth muscle cells, and lung fibroblasts. It
can perform its biological functions through its action on many
different types of cell [29]. TSLP can activate CD4+ T cells and
CD8+ T cells in mice and differentiates B cells in humans,
which enhances the release of T cell-attracting chemokines from

monocytes. In addition, TSLP can enhance the secretion of Th2
cytokines in human mast cells. The binding of activated TSLP with
its receptor complex can activate multiple signal transduction
pathways [30]. A recent study reported that the activation of
the TSLP-IL-7R/TSLPR complex induced phosphorylation of the
JAK-STAT signaling pathway, leading to skin inflammation [31].

Furthermore, DCs in damaged skin develop an activated phe-
notype, leave the epidermis, and migrate towards the draining
lymph node, consistent with a role for TSLP in the regulation of
tissue-resident DC responses [32]. Higher expression of TSLP in the
skin epidermis drives the development of spontaneous skin in-
flammatory disease, with hallmarks of human AD. Another study
reported that TSLP signaling was required for the development of
AD [33]. TSLPR-deletion mice failed to express Th2 cytokines
induced locally by CD4+ T cells as they infiltrate the skin, which
appeared to be responsible for inflammatory skin disease develop-
ment [34]. Thus, targeting the TSLP signaling axis via pharmaco-
logical inhibition could be an appropriate approach for AD
treatment. It was demonstrated that quercetin and tannic acid
effectively suppressed vascular endothelial growth factor (VEGF),
thymus and activation-regulated chemokine (TARC), and TSLP
expression in human keratinocytes, and also suppressed proin-
flammatory cytokine and CD31 expression in AD skin lesions [35].

Molecular targets of quercetin

Numerous extensive studies have demonstrated that oxidative or
inflammatory factors, such as proinflammatory factors, cyto-
kines, and chemokines, have an essential role in the pathogenesis
of AD; therefore, recently, plant polyphenols have emerged as a
therapeutic alternative for the treatment of AD with a low risk of
adverse effects. Quercetin and its derivatives are major flavonoids
in the human diet and have been demonstrated to have several
beneficial effects, including antioxidant, anti-inflammatory, an-
titumor, and antiallergic actions. Recently, in vitro and in vivo
experimental studies demonstrated that quercetin is a potent
pleiotropic molecule and that interacts with several molecular
targets (Box 1). Quercetin and its derivatives have been demon-
strated to activate or increase the expression of various antioxi-
dant enzymes and genes, such as nuclear factor (erythroid-
derived 2)-like (N1f2), peroxisome proliferator-activated receptor
(PPAR)a, PPARY, and heme oxygenase 1 (HO-1). By contrast, they
are effective downregulators of HMGB1, NF-«kB, STAT1, TSLP,
protein kinases, chemokines, cytokines, and proinflammatory
biomarkers [16,24]. Below, we discuss the antioxidant, anti-in-
flammatory, and antiallergic activities of quercetin and its deri-
vatives in preventing and ameliorating the complications of skin
diseases, with a focus on AD.

Antioxidant effects of quercetin on skin inflammation

Based on its polyphenol structure, quercetin has potent antioxi-
dant effects, whereby it combines with free radical species to make
markedly less-reactive phenoxy radicals [36]. Moreover, quercetin
reduces oxidative stress-induced cell death in Kkeratinocytes
through its antioxidant actions [37]. Another study reported that
quercetin-3-O-(2'-galloyl)-a-L-thamnopyranoside prevented oxi-
dative stress-induced apoptosis in human keratinocytes by sup-
pressing the caspase 8 and mitochondrial pathway [38]. Numerous
studies indicate the involvement of reactive oxygen species (ROS)
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BOX 1

Molecular targets of quercetin and its derivatives

Structural names of quercetin and its derivativesReceptors

3,5,7,3' 4-Pentahydroxyflavon (quercetin)

Quercetin 3-O-glucoside (isoquercetin)
Quercetin 3-O-rhamnoside (quercitrin)

Quercetin 3-O-rhamnozyl-(1-6)-glucoside-rutin

Quercetin 5-methyl ether (azaleatin)
Quercetin 7-methyl ether (rhamnetin)

Quercetin 3'-methyl ether (isorhamnetin)

Quercetin 4-methyl ether (tamarixetin)
Quercetin 7-methoxy-3-O-glucoside
Quercetin 3'-methoxy-3-0O-galactoside

RAGE

TLR2, 4

TNF receptor 1, 2

TNF receptor-associated factor 6
Liver X receptor o, B

Epidermal growth factor receptor
C-C chemokine receptor type 1, 5
Histamine H1 receptor

Gene expression

Heat shock protein 75 kDa

Poly (ADP-ribose) polymerase 1

Tumor protein p53

Voltage dependent anion-selective channel protein 1

Transcriptional factors
AP1

HMGB!1

NF-kB (p65, p50)

Nrf2

NF-«B inhibitor
Proliferator-activated receptor -y
PPAR«

Inflammatory cytokines

IL-1B3, 4, 5, 8, 10, 13, 33
Interferon -y

Chemokines (CCL2, 3, 11, 17, 27)
TNF-a

TSLP

Leukotriene B4

Macrophage inflammatory protein 1o

Enzymes

Transforming growth factor
B-activated kinase 1

PI3K

PKC

HO-1

NOS

IL-1 receptor-associated kinase 1
ERK1/2

Tryptase

B Hexosaminidase

Histidine decarboxylase
Ribosomal protein s6 kinase 1
Serum paraoxonase/arylesterase 2
P38 MAPK

c-Jun N-terminal kinases

JAK

Others
Histamine

58k-9 Golgi protein

Prostaglandin E2, D2

VEGF

IgE

Granulocyte-macrophage colony-stimulating factor
Ferric-reducing ability of plasma

Intracellular calcium level

Superoxide anion, peroxynitrite

Glutathione

B cell lymphoma extra-large 2

Cytochrome C

ATP-binding cassette subfamily A, member 1

Fc epsilon Rl Spleen tyrosine kinase

STAT1 Proto-oncogene tyrosine protein kinase

Cathepsin K
PKA

Matrix metallopeptidase 9

Caspase 3
NADH oxidase

in different physiological functions and several cell signaling
processes during inflammation. ROS stimulated by NADPH oxi-
dase have emerged as important messengers of several cellular
signaling pathways, including the activation of the NF-«B and AP-
1 signaling pathway in skin inflammation [39]. It has been dem-
onstrated that inhibition of NF-kB can attenuate oxidative stress
and improve skin inflammation.

The transcriptional activator Nrf2 is ubiquitously indicated in
many organs as phase II genes joining antioxidant responsive
element (ARE) sequences [40]. Nrf2 acts when released from its
repressive cytosolic protein Keapl. Upon exposure of cells to
oxidative stress, electrophilic compounds, or covalently trans-
formed thiol groups, Nrf2 is quickly translocated from cyto-
plasmic Keapl to the nucleus, where it binds to transactivate
antioxidant enzyme genes [16]. Increasing evidence has shown
that activation of Nrf2 signaling attenuates oxidative stress in
inflammatory skin diseases by facilitating phase II antioxidant
enzymes, such as HO-1. Cy contrast, Nrf2-deficient mice exhibit
greater induction of proinflammatory genes regulated by NF-«B,
such as IL1b, TNFa, and cyclooxygenase 2 (COX2), suggesting that
Nrf2 deficiency enhances NF-kB-mediated proinflammatory reac-
tions [41]. Moreover, experimental studies have also investigated
the Nrf2-ARE pathway interplay via the inhibitory regulation of

HMGBI secretion from macrophages and/or monocytes. Querce-
tin was shown to defend effectively against oxidative stress and to
attenuate inflammation in house dust mite-induced AD mice by
activating Nrf2 signaling [16]. In addition, similar studies
reported that treatment with quercetin activated Nrf2 levels
and prevented the activation of the MAPK and NF-kB pathway
in human keratinocytes [42].

Anti-inflammatory properties of quercetin on skin
inflammation

Quercetin and its derivatives exert potent anti-inflammatory
effects. Recent studies have shown that quercetin suppressed
proinflammatory cytokine expression through modulation of
NF-«kB and p38 MAPK in a human mast cell line [43]. In addition,
treatment with a novel quercetin derivative, quercetin-3-O-(2"-
gallate)-a-L-rhamnopyranoside, suppressed inflammatory cyto-
kines, such as IL-4, 5 and 13, serum IgE, eosinophil levels, iNOS,
and COX2 in the AD NC/Nga mouse model [44]. Some of the most
important targets of quercetin are the proinflammatory cytokines,
HMGB1, RAGE, and ERK1/2-NF-kB danger downstream signaling
proteins, which have a major role in mediating inflammatory
responses by modulating the production of proinflammatory
cytokines in AD NC/Nga mouse skin [16].

www.drugdiscoverytoday.com 635

=
frr]
w
[~4
(%3
]
&
o
-8
.
wv
2
2
>
3]
o




P
)

=
)

2

1%

°
o
(7}
-
(73
n
o
m
m
4

REVIEWS

Drug Discovery Today * Volume 21, Number 4« April 2016

Treatment with quercetin adequately suppressed the levels of
inflammatory and proinflammatory cytokines through PPARa
upregulation and also improved skin barrier dysfunction in AD
[45]. Recent data suggested that activated macrophages participate
in skin barrier dysfunction and inflammatory responses by releas-
ing proinflammatory cytokines, such as TNFa and inflammatory
factors in AD skin lesions. Interestingly, quercetin attenuates the
NF-kB/cAMP response element binding protein (CRE)/AP-1 signal-
ing pathway in murine macrophages [39]. In addition, it was
demonstrated that quercetin inhibited proinflammatory cyto-
kines, such as IL-1B, IL-6, and TNF«, and increased IL-10 levels
in LPS-induced inflammation in mice [46]. Furthermore, the acti-
vation of IL-6 pleiotropic cytokines triggered Th2 or mast cell
activation in AD skin lesions. Interestingly, quercetin was more
effective compared with the mast cell stabilizer cromolyn in
blocking human mast cell cytokine release and inhibited dermati-
tis and photosensitivity in humans [9].

Antiallergic effect of quercetin on skin inflammation

Quercetin has been shown to ameliorate symptoms linked with
AD, including allergic skin diseases. The anti-inflammatory effect
of quercetin treatment significantly suppressed inflammatory

cytokines, such as IL-4 and IL-5, as well as NF-kB expression in
an allergic inflammatory mouse model [47]. Moreover, quercetin
can inhibit human neutrophil elastase-induced MUCSAC expres-
sion in human epithelial cells through the protein kinase C (PKC)/
ERK signal transduction pathway [48]. A recent study reported
quercetin to exert antiallergic actions via activation of the Nrf2—
HO-1 signaling pathway in rodent mast cells [49]. Furthermore, a
novel powerful quercetin derivative, quercetagetin, regulated the
STAT1 signaling pathway during the production of TARC and
macrophage derived chemokine (MDC) by IFNy and TNFa stimu-
lation in HaCaT human keratinocytes [50].

Taken together, the above data suggest that quercetin sup-
presses inflammation, oxidative stress, allergic inflammation,
and inflamed skin, thereby ameliorating the pathological changes
that occur in AD (Figs 2 and 3). However, its potency is broadly
limited by its poor bioavailability. Thus, the effectual formulation
of quercetin has been designed with the aim of improving its
pharmacokinetics and physiochemical properties.

Quercetin pharmacokinetics
Although polyphenols are important constituents in the human
diet, they show poor aqueous solubility and instability. These

FIGURE 2

souy

Drug Discovery Today

Ameliorative effects of quercetin in skin inflammation. (a) Hematoxylin—eosin (HE) staining of cross-sectional tissue slices of skin showing hyperkeratosis,
parakeratosis, acanthosis, spongiosis, and infiltration of inflammatory cells. (b) Skin levels of mast cells (red arrow) determined by toluidine blue (TB) staining. (c)
Immunofluorescence determination of high-mobility group protein 1 (HMGB1)-positive cells (red arrow). Key: normal, age-matched normal NC/Nga mice; AD,
atopic dermatitis (AD)-induced NC/Nga mice; AD + Quercetin, AD-induced mice treated with quercetin (50 mg/kg/day orally).
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Alleviate AD clinical symptoms
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Molecular targets modulated by quercetin. Down arrow (black) indicates downregulated molecular targets; up arrow (black) indicates upregulated molecular
targets. Please see the main text for definitions of the abbreviations in this figure.

properties of quercetin result in its poor bioavailability, perme-
ability, and extensive first-pass metabolism before entering the
systemic circulation. Administration of a quercetin-containing
diet (50 or 500 mg/kg) to rats for 11 weeks resulted in the wide
circulation of quercetin metabolites in body tissues. A quercetin
diet (500 mg/kg) administrated to pigs for 3 days revealed the
presence of quercetin in tissues, including the liver (3.8 nmol/g)
and kidneys (1.8 nmol/g). Other tissues, such as brain, heart, and
spleen, contained only a low concentration (~0.12 nmol/g) of
quercetin. Similarly, only 20% of radiolabeled quercetin orally
administered to rats was absorbed [51]. A similar scenario was
described in another study, in which plasma samples did not
contain any detectable levels of aglycone in weanling rats admin-
istrated quercetin in the diet at 0.45% for a period of 6 weeks [52].
Another similar study reported that quercetin (8, 20 and 50 mg)
administrated orally to 16 humans was detected in plasma as the
glucuronide- and sulfate-conjugated and unconjugated forms
with a dose-dependent increase in Cmax (0.14, 0.22, and 0.29
MM, respectively) [53]. Pharmacokinetic studies of quercetin have
demonstrated that its poor absorption and rapid metabolism are
the major causes of its poor bioavailability. Drug delivery systems,
such as emulsions, liposomes and phospholipid formulations,
nanocrystals, inclusion complexes, polymer nanoparticles, and

micelles, are used to improve quercetin solubility and bioavail-
ability [54]. The administration of quercetin-loaded nanovesicles
achieved an important reduction in local vascular permeability,
epidermal loss, and leukocyte infiltration, and increased bioavail-
ability and stability [55,56]. A similar study reported that the
topical application of quercetin-loaded lipid-based nanovesicles
improved its solubility and vesicular bilayer fluidity, and also
transiently reduced the stratum corneum barrier function [57].
A recent study revealed that the combination of microneedles with
lipid microparticles increased the topical delivery of quercetin in
pig skin [58]. In addition, a nanostructured lipid carrier formula-
tion enhanced the dermal delivery of quercetin [59]. Thus, further
understanding of the pharmacokinetic profile of quercetin could
improve its internal and topical bioavailability.

Clinical trials with quercetin and its derivatives

In a recent trial, 52 patients with moderate to severe AD received
orally administered quercetin and its derivatives (kaempferol,
rutin) containing whey associated with dodder seed in a water
extract formulation at a dose of 2 g per day for 15 days; this
resulted in the attenuation of AD severity and decreased inflam-
mation, which suggests that quercetin and its derivatives could be
used to treat patients with moderate to severe AD [60]. A quercetin
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capsule administrated orally at the same dose was demonstrated to
decrease nickel patch-induced contact dermatitis and also to sup-
press ultraviolet (UV)B-induced skin erythema in patients [9]. More-
over, in patients with sarcoidosis, quercetin reduced markers of
inflammation, such as TNFa and IL-8 [61]. Another study reported
that quercetin did not alter blood leukocytes subsets, macrophage
activity, IL-6, or TNFa plasma levels in healthy females [62]. In
addition a supplement of 1200 mg glucosamine hydrochloride,
60 mg chondroitin sulfate and 45 mg quercetin (GCQ) per day
effectively decreased clinical symptoms in patients with knee oste-
oarthritis [63]. Thus, quercetin, with its multiple intracellular targets
and lack of toxicity, could be particularly useful in formulations that
increase its solubility and bioavailability for the treatment of AD and
other inflammatory skin diseases [9].

Concluding remarks

The mechanistic studies that we have illustrated briefly here
suggest the possible beneficial effects of quercetin in inflammatory
skin diseases, such as AD. Extensive in vitro and in vivo research in
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animal models has shown multiple mechanisms of action that
could suppress inflammatory cytokines and proinflammatory fac-
tors in patients with AD. Quercetin, which is considered to be
nontoxic and pharmacologically safe for human use, and its
derivatives are versatile molecules that should be investigated
more extensively for their broader application in human AD,
including their therapeutic actions. However, we are still lacking
definitive evidence for the precise mechanism of action by which
quercetin might ameliorate AD in humans. Thus, future research
should focus on determining this mechanism as well as on im-
proving the bioavailability of quercetin. In addition, more con-
trolled, randomized human clinic trials are required to confirm the
efficacy and optimal dosage of quercetin, to further confirm its
promise for the treatment of AD and other inflammatory skin
diseases.
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