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Abstract: Skin is the outermost part of the body and is, thus, inevitably exposed to UV rays and
environmental pollutants. Oxidative stress by these hazardous factors accelerates skin aging and
induces skin inflammation and carcinogenesis. Aryl hydrocarbon receptors (AHRs) are chemical
sensors that are abundantly expressed in epidermal keratinocytes and mediate the production
of reactive oxygen species. To neutralize or minimize oxidative stress, the keratinocytes also
express nuclear factor-erythroid 2-related factor-2 (NRF2), which is a master switch for antioxidant
signaling. Notably, there is fine-tuned crosstalk between AHR and NRF2, which mutually
increase or decrease their activation states. Many NRF2-mediated antioxidant phytochemicals
are capable of up- and downmodulating AHR signaling. The precise mechanisms by which these
phytochemicals differentially affect the AHR and NRF2 system remain largely unknown and warrant
future investigation.

Keywords: antioxidants; reactive oxygen species; aryl hydrocarbon receptor; nuclear factor-erythroid
2-related factor-2; phytochemicals

1. Introduction

Oxidative stress is defined as an imbalance between the formation of oxidative free radicals
and the antioxidant defense capacity of cells of the body [1]. Oxidative stress has been shown in
many dermatological diseases, including vitiligo, atopic dermatitis, alopecia areata, photoaging,
carcinogenesis, and chemotoxicity [2-12]. Most free radicals in the body exist in the form of reactive
oxygen species (ROS). Excessive free radicals impair not only DNA, but also cellular proteins and
lipids [9,10].

In living cells, ROS are continuously generated as a byproduct of oxidative energy metabolism to
make adenosine triphosphate from glucose in mitochondria, by xanthine oxidase for the degradation
of purine nucleotides, by nitric oxide synthase to make nitric oxide, and so on [10]. In addition,
external stimuli, such as ionizing and ultraviolet (UV) radiation, environmental pollutants, contact
allergens, and drugs, are potent inducers of ROS production [9,12-15]. Inflammatory cytokines are
also responsible for ROS generation [9,10,16]. Since the skin is the outermost organ of the body, these
oxidative stimulants adversely affect the proper differentiation and barrier function of the skin. One of
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the major sensors recognizing these stimulants in the skin is aryl hydrocarbon receptor (AHR), which
was originally called dioxin receptor [13].

The excessive production of ROS should be neutralized or minimized by antioxidants in order to
maintain skin homeostasis. The antioxidant molecules, including glutathione, vitamin E, and vitamin
C work together with enzymatic antioxidants, such as NAD(P)H:quinone oxidoreductase 1 (NQOL1),
heme oxygenase-1 (HO-1), and glutathione S-transferase [17]. The induction of these antioxidant
enzymes is regulated by nuclear factor-erythroid 2-related factor-2 (NRF2), which is a master switch
for antioxidant signaling [13,17].

Various phytochemicals and herbal extracts exert their antioxidant properties by activating
the NRF2 system in an AHR-dependent or AHR-independent manner in human epidermal
keratinocytes [18-22]. Certain antioxidant phytochemicals also upregulate the expression of filaggrin
(FLG), which plays a pivotal role in maintaining epidermal barrier function [19-21,23].

2. Aryl Hydrocarbon Receptor Regulating both Oxidative and Antioxidant Pathways

AHR is a xenobiotic chemical sensor abundantly expressed in the epidermal keratinocytes [13,24].
Various external and internal ligands, such as dioxins, polycyclic aromatic pollutants, benzo[a]pyrene,
phytochemicals, and food metabolites bind to, and activate, AHR [13,24]. Tryptophan photoproduct
6-formylindolo[3,2-b]carbazole (FICZ), generated by UV irradiation, is also known as a high-affinity
endogenous ligand for AHR [25,26]. Historically, the signaling pathway of AHR has been
elucidated in studies investigating the toxicity of dioxins and polycyclic aromatic pollutants [13,27,28].
Upon ligation by dioxins, the activated AHR translocates from the cytoplasm into the nucleus (Figure 1).
This translocated AHR binds to its specific DNA recognition site, namely, xenobiotic-responsive
element, and upregulates the transcription of responsive genes, such as cytochrome P450 1A1
(CYP1A1) [13,27,28]. CYP1A1l is a member of a multigene family of xenobiotic-metabolizing
enzymes [13,27,28]. Besides its physiological role in the detoxification of dioxins, the activity of
CYP1A1 can be deleterious because it generates mutagenic metabolites and ROS. FICZ binds to AHR
and upregulates the expression of CYP1A1 in an efficient but transient manner; this is because FICZ is
rapidly metabolized by CYP1A1 in a feedback mechanism [25,29]. Extensive studies on the function of
AHR using AHR-deficient mice have demonstrated that AHR is responsible for most, if not all, of the
toxic effects caused by dioxins [30].

Figure 1. Activation of AHR. In untreated normal human keratinocytes, AHR (red) is mainly located in

the cytoplasm (A1). Nuclei are stained with 4’,6-diamidino-2-phenylindole (blue, A2). In the presence
of soybean tar glyteer, AHR is translocated from the cytoplasm to the nucleus (B1, red). Nuclei are
stained with 4,6-diamidino-2-phenylindole (blue, B2).
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In addition to oxidative stress, recent studies have demonstrated that the AHR system mediates
antioxidative and protective signaling in response to certain ligands, such as flavonoids, herbal
medicines, and azoles [16,18,19,21,31-33]. For example, ligation of AHR by ketoconazole induces the
nuclear translocation of AHR without producing ROS. Instead, it activates the NRF2-NQO1 pathway,
which protects cells from ROS-induced oxidative damage [16]. There are several types of AHR
ligands. Dioxins, benzo[a]pyrene, and other polycyclic aromatic pollutants bind to AHR with high
affinity and induce tremendously high CYP1A1 expression with damaging ROS production [14,30].
Although subsequent NRF2 activation does occur after AHR ligation by dioxins [34], the oxidative
stress overwhelms the antioxidant protection in response to these hazardous compounds [14,31].
A plethora of beneficial and antioxidant phytochemicals, such as cynaropicrin, activate the AHR-NRF2
signaling pathway without any appreciable production of ROS [18]. On the other hand, the antioxidant
cinnamaldehyde instead inhibits AHR activation. However, it potently activates the NRF2 pathway
and exerts antioxidant activity in an AHR-independent manner [22]. The precise mechanisms by
which these chemicals differentially affect the AHR-NRF2 system remain largely unknown. Since
AHR forms a molecular complex with Hsp90, XAP2, and p23 in the cytoplasm and with AHR nuclear
translocator (ARNT) in the nucleus, these partner molecules may potentially define the oxidative and
antioxidant outcome [30].

Another intriguing paradigm for AHR signaling is its enhancing effects on epidermal barrier
function. The barrier function is significantly disrupted in Ahr-null mice, indicating that AHR
plays a pivotal role in skin barrier integrity [35]. FLG is one of the major components of barrier
proteins [23,36]. Loss-of-function mutation of FLG causes dry skin and is critically involved in the
pathogenesis of atopic dermatitis [37-39]. Antioxidant folk medicines such as Houttuynia cordata
extract and Opuntia ficus-indica extract potently activate the AHR-NRF2 pathway and upregulate
FLG expression [20,21]. The bifunctional (antioxidant and barrier-protection) properties of these folk
remedies are particularly promising for maintaining the health of the skin.

3. Nuclear Factor-Erythroid 2-Related Factor-2, a Master Transcription Factor for Inducing
Antioxidant Enzymes

The transcription factor NRF2 is a master switch for inducing antioxidant enzymes and is
expressed in epidermal keratinocytes at high levels [16,17,31,32]. The antioxidant enzymes downstream
of NRF2 include NQO1, HO-1, glutathione S-transferase, UDP-glucuronosyltransferases, epoxide
hydrolase, glutathione reductase, thioredoxin reductase, catalase, and superoxide dismutase. NRF2
also activates the transcription of non-enzymatic antioxidant protein genes, such as thioredoxin and
ferritin [17]. Under physiological conditions, the level of NRF2 in the cytoplasm is regulated by the
formation of the NRF2-KEAP1-CUL3 complex [17]. KEAP1 binds to NRF2 and, therefore, directly
inhibits its activity, resulting in simultaneous NRF2 ubiquitination catalyzed by CUL3. However,
the oxidative condition in the cell leads to the oxidation of cysteine residues in the KEAP1 molecule,
changing its conformation and causing dissociation of NRF2 from the complex. This free NRF2 is
translocated to the nucleus and initiates the transcription of antioxidant genes (Figure 2) [17].

In Nrf2-null mice, UVB-induced sunburn reaction became significantly stronger and longer-lasting
with a reduction of inducible HO-1 expression compared with that in wild-type mice [40,41].
In addition, mutation of the NRF2 gene has been suggested to be oncogenic in some squamous
cell carcinoma cases [42]. The expression of NRF2 protein is downregulated in human malignant skin
tumors [43]. On the other hand, excessive antioxidant activity does hamper the epidermal barrier
function. K5-Cre-Nrf2 transgenic mice generated by Schafer et al. were found to express high levels
of constitutively-active Nrf2 in the epidermis together with the overexpression of Nqol and other
antioxidative enzymes. Unexpectedly, their skin is dry with hair loss, scaling, epidermal acanthosis,
and hyperkeratosis [44,45]. The Nrf2 transgenic mice gradually developed severe chloracne-like lesions,
which are highly reminiscent to the patients with chloracene/metabolizing acquired dioxin-induced
skin hamartomas [45]. Furthermore, the Nrf2 activation promotes the human papilloma virus-induced
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or arsenite-induced carcinogenesis by upregulating the survival and proliferation of transformed
keratinocytes [46,47]. These studies stress the importance of an appropriate balance between oxidative
and antioxidative processes in maintaining epidermal homeostasis.

Figure 2. Activation of NRF2. In untreated normal human keratinocytes, NRF2 (green) is mainly
located in the cytoplasm (A); Opuntia ficus-indica extract activates NRF2 and induces its cytoplasmic to
nuclear translocation (B).

4. Phytogenic Antioxidants

Most phytogenic antioxidants are plant phenolic compounds. Approximately 8000 different
structures of plant phenolics are known [48]. These phenolic compounds are classified into flavonols,
flavones, flavonones, flavanols, isoflavones, anthocyanidins, hydroxycinnamic acids, hydroxybenzoic
acids, tannins, stilbens, and lignans [48]. Some phytochemicals have been shown to bind to AHR with
different affinities [49-51]. Below, we discuss in detail several phytogenic antioxidants, with special
reference to AHR and NRF2 signaling in epidermal keratinocytes (Figure 3).

Oxidative || Antioxidant
ligands | phytochemicals

l y,@/ d@lt@ Antioxidant phytochemicals

NRF2 Group (D: NRF2 agonist with AHR agonistic activity
Soybean tar, Opuntia ficus-indica extract,
I Houttuynia cordata extract, Bidens pilosa extract,
CYP1A1 NQO]-, HO—l, Cynaropicrin
etc. Group @:NRF2 agonist with AHR antagonistic activity
‘ Cinnamaldehyde, Epigallocatechin gallate

Group @: NRF2 agonist with CYP1A1 inhibitor activity

Z-Ligustilide, Quercetin, Kaempferol,
Pterostilbene, Resveratrol

ROS

oxidative stress

| DNA damage || Inflammation

Figure 3. Antioxidant phytochemicals differentially modulate aryl hydrocarbon receptor (AHR),
cytochrome P450 1A1 (CYP1A1) and nuclear factor-erythroid 2-related factor-2 (NRF2). Oxidative
ligands, such as ultraviolet radiation, dioxins, and environmental polycyclic pollutants, activate the
AHR and CYP1A1 system, which generates reactive oxygen species (ROS) and causes DNA damage and
inflammation. Antioxidant phytochemicals exert their antioxidant capacity by activating NRF2, which
is a master transcription factor for the induction of antioxidant enzymes such as NAD(P)H: quinone
oxidoreductase 1 (NQO1) and heme oxygenase-1 (HO-1). These antioxidant enzymes neutralize or
minimize ROS production. Antioxidant phytochemicals are categorized into at least three groups based
on their capacity for up- and downmodulating AHR and CYP1A1. Group 1 contains NRF2 agonists
with AHR agonistic activity (D). Group 2 contains NRF2 agonists with AHR antagonistic activity ().
Group 3 contains NRF2 agonists with CYP1A1 inhibitor activity (3).
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4.1. NRF2 Agonist with AHR Agonistic Activity

4.1.1. Soybean Tar

Soybean tar glyteer has been widely used for the treatment of various inflammatory skin diseases
in Japan since 1924, as an alternative to coal tar remedy [19]. As has been demonstrated for coal tar [52],
glyteer inhibits the ROS production by benzo[a]pyrene and TNF« via NQO1 upregulation [19]. The
antioxidant activity of soybean tar is mediated by the AHR-NRF2 pathway because it was shown to be
attenuated by transfection with small interfering RNA against either AHR or NRF2 [19]. In addition,
glyteer upregulates FLG expression in an AHR-dependent manner [19].

4.1.2. Opuntia Ficus-Indica Extract

Opuntia ficus-indica is a cactus species widely used as an anti-inflammatory, antilipidemic, and
hypoglycemic agent [21]. Studies have suggested that its extract can downregulate oxidative stress
via benzo[a]pyrene and TNF« (Figure 4). Its potent antioxidant activity is also mediated by the
AHR-NRF2-NQO1 pathway [21]. Opuntia ficus-indica extract also stimulates AHR and upregulates
FLG expression [21].

Untreated

TNFa + OFE

Figure 4. Antioxidant activity of Opuntia ficus-indica extract (OFE). Reactive oxygen species (ROS) are
visualized with dichloro-dihydro-fluorescein diacetate staining (green). The production of ROS is not
active in the untreated or OFE-treated human keratinocytes. Tumor necrosis factor o« (TNF«x) induces
ROS production, which is significantly inhibited by OFE (TNF« + OFE).

4.1.3. Houttuynia cordata Extract

Houttuynia cordata, which is called “dokudami” in Japanese, is an aromatic medicinal herb that has
been traditionally eaten as a folk medicine for various ailments, such as diabetes, obesity, cough, fever
and skin diseases, in Asia [20]. Similar to glyteer and Opuntia ficus-indica extract, Houttuynia cordata
extract inhibits the ROS production by benzo[a]pyrene and TNFx via the AHR-NRF2-NQO1
pathway [20].

4.1.4. Bidens pilosa Extract

Bidens pilosa is a tropical weed that grows widely in tropical and subtropical regions. This plant is
used in various folk medicines and as a popular ingredient in herbal tea for its blood-pressure-lowering,
liver-protective and hypoglycemic effects [53]. In the therapeutic guidelines for vasculitis and vascular
disorders of the Japanese Dermatological Association, B. pilosa extract is recognized as an effective
remedy for the treatment of livedo vasculopathy [53]. This extract potently inhibits the ROS production
of endothelial cells by upregulating NRF2 and NQO1, which are abrogated by the knockdown of AhR
or Nrf2 [53].
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4.1.5. Cynaropicrin

Artichoke (Cynara scolymus) is one of the most ancient plants grown in the world and has been used
as a folk medicine in the treatment of hepatitis, hyperlipidemia, obesity and dyspeptic disorders [18].
Cynaropicrin, a sesquiterpene lactone, is one of the major bioactive phytochemicals in artichoke
extract [18]. The ROS production in UVB-irradiated keratinocytes is significantly downregulated by
cynaropicrin [18]. The antioxidant activity of cynaropicrin is AHR-NRF2-dependent and inhibits the
ROS production by benzo[a]pyrene and tumor necrosis factor « (TNFw) [18]. However, the AHR
agonistic potency of cynaropicrin is very weak compared with those of soybean tar, Opuntia ficus-indica
extract, Houttuynia cordata extract, and Bidens pilosa extract [19-21,53].

4.2. NRF2 Agonist with AHR Antagonistic Activity

4.2.1. Cinnamaldehyde

Cinnamaldehyde (3-phenyl-2-propenal) is the major constituent of the bark of Cinnamomum cassia,
and it is known to have various biological activities including anti-inflammatory and anti-bacterial
properties [22]. Cinnamaldehyde exerts its antioxidant activity via NRF2 and HO-1 expression and
downregulates benzo[a]pyrene-induced oxidative stress [22]. However, cinnamaldehyde is unable to
activate AHR, but instead significantly inhibits its action [22], which is in sharp contrast to cynaropicrin,
soybean tar, Opuntia ficus-indica extract, Houttuynia cordata extract, and Bidens pilosa extract [19-21,53].
The dual functions of cinnamaldehyde, namely, inhibition of AHR and activation of NRF2, may be
particularly beneficial for the treatment of intoxication of environmental pollutants such as dioxin [22].

4.2.2. Epigallocatechin Gallate

The green tea flavonoid epigallocatechin gallate upregulates Nrf2 and HO-1 expression [54] and
inhibits AHR action [55,56]. It has been increasingly used for cosmetic purposes [57]. Galactomyces
fermentation filtrate is also an AHR-stimulant generally used in cosmetics [58]. Interestingly,
epigallocatechin gallate and Galactomyces fermentation filtrate exhibit synergistic antioxidant activity
against TNFa-induced ROS production (Figure 5). The antagonistic or agonistic potency of
epigallocatechin gallate for AHR may vary depending on the cell type [59].

R ¢
TNFa + GFF TNFa + EGCG TNFa + GFF + EGCG

Figure 5. Synergistic antioxidant activity of Galactomyces ferment filtrate (GFF; 0.1%) and

epigallocatechin gallate (EGCG; 10 uM). Reactive oxygen species (ROS) are visualized with
dichloro-dihydro-fluorescein diacetate staining (green). The production of ROS is very slight in
the human keratinocytes treated with medium control (untreated), a low concentration of GFF, or a
low concentration of EGCG. Tumor necrosis factor « (TNFo) induces ROS production, which is weakly
inhibited by a low concentration of either GFF (TNFa + GFF) or EGCG (TNF«x + EGCG). The ROS
production by TNF« is markedly downregulated by the simultaneous addition of GFF and EGCG
(TNF« + GFF + EGCG).



Nutrients 2017, 9, 223 7 of 11

4.3. NRF2 Agonist with CYP1A1 Inhibitor Activity

4.3.1. Z-Ligustilide

Z-Ligustilide is the major bioactive phthalide of Cnidium officinale and Angelica acutiloba, which are
widely used in folk medicine in East Asia [60,61]. Z-Ligustilide ameliorates UVB-induced oxidative
stress and inflammatory cytokine production through upregulation of the NRF2/HO-1 pathway and
the suppression of NF-«B signaling [61]. Z-Ligustilide is not an AHR ligand, but it significantly inhibits
benzo[a]pyrene-induced CYP1A1 expression via NRF2 activation [60].

4.3.2. Quercetin, Kaempferol, and Pterostilbene

Quercetin, kaempferol, and pterostilbene are abundant in berries and have potent antioxidant
capacity, which is also mediated by the activation of NRF2 [62]. They also exhibit synergistic
antioxidant activity when added in combination at appropriate concentrations [62]. Quercetin is
not a direct ligand for AHR [26]. It sustains and enhances the ligand activity of AHR, such as FICZ,
by inhibiting the CYP1Al-mediated degradation of ligand [26].

4.3.3. Resveratrol

Resveratrol is a widely-available polyphenol found in red wine and other sources that are
thought to have health benefits [63]. It is also a potent NRF2 activator and shows antioxidant
activity [63]. In addition, it activates sirtuin 1 and AMP-activated protein kinase, an enzyme that
initiates autophagy [63]. Resveratrol inhibits the proliferation of human keratinocytes via sirtuin
1 activation [64]. Like quercetin, resveratrol enhances the activity of endogenous FICZ by inhibiting
the CYP1Al-mediated degradation of AHR ligands [26].

5. Conclusions

Skin is inevitably exposed to UV rays and environmental pollutants. To a greater or lesser extent,
these external stimulants induce oxidative stress and accelerate skin aging, leading to skin inflammation
and carcinogenesis [13,24]. AHR is a capricious receptor that senses various chemical compounds
and plays an essential role in photo-induced and chemically-induced oxidative stress [13,19,24,25].
Various antioxidant phytochemicals activate the NRF2 transcription factor and upregulate a series of
antioxidant enzymes that neutralize the oxidative stress and protect the keratinocytes from oxidative
damage [13,17]. Notably, there is finely-tuned crosstalk between AHR and NRF2, which mutually
increase or decrease their activation states. Many NRF2-mediated antioxidant phytochemicals are
capable of modulating AHR signaling. There are at least three groups of antioxidant phytochemicals
when we categorize their capacity to modulate NRF2, AHR, and CYP1A1 (Figure 3). However,
the modulatory capacity of phytochemicals on these three mutually related molecules may be
cell-type-specific and concentration-dependent; therefore, the categorization may vary depending on
the experimental protocol. The precise mechanisms by which these phytochemicals differentially affect
the AHR and NRF2 system remain largely unknown and warrant future investigation.

Acknowledgments: This work was partly supported by grants from the Ministry of Health, Labour, and Welfare,
and P&G Inovation Godo Kaisha.

Author Contributions: Masutaka Furue and Gaku Tsuji conceived and designed the experiments;
Akiko Hashimoto-Hachiya and Takeshi Nakahara performed the experiments; Takahito Chiba and Takamichi Ito
analyzed the data; Hiroshi Uchi and Chikage Mitoma contributed reagents/materials/analysis tools;
Masutaka Furue wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.



Nutrients 2017, 9, 223 8of 11

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Kruk, J.; Duchnik, E. Oxidative stress and skin diseases: Possible role of physical activity. Asian Pac. .
Cancer Prev. 2014, 15, 561-568. [CrossRef] [PubMed]

Furue, M.; Kadono, T. Nonsegmental vitiligo update. Dermatol. Sin. 2016, 34, 173-176. [CrossRef]

Ji, H.; Li, X.K. Oxidative stress in atopic dermatitis. Oxid. Med. Cell. Longev. 2016, 2016, 2721469. [CrossRef]
[PubMed]

Prie, B.E.; Voiculescu, V.M.; Ionescu-Bozdog, O.B.; Petrutescu, B.; Iosif, L.; Gaman, L.E.; Clatici, V.G.; Stoian, I.;
Giurcaneanu, C. Oxidative stress and alopecia areata. ]. Med. Life 2015, 8, 43—46. [PubMed]

Katta, R.; Brown, D.N. Diet and skin cancer: The potential role of dietary antioxidants in nonmelanoma skin
cancer prevention. J. Skin Cancer 2015, 2015, 893149. [CrossRef] [PubMed]

Saewan, N.; Jimtaisong, A. Natural products as photoprotection. J. Cosmet. Dermatol. 2015, 14, 47-63.
[CrossRef] [PubMed]

Bosch, R; Philips, N.; Sudrez-Pérez, . A.; Juarranz, A.; Devmurari, A.; Chalensouk-Khaosaat, J.; Gonzalez, S.
Mechanisms of photoaging and cutaneous photocarcinogenesis, and photoprotective strategies with
phytochemicals. Antioxidants (Basel) 2015, 4, 248-268. [CrossRef] [PubMed]

Godic, A.; Poljsak, B.; Adamic, M.; Dahmane, R. The role of antioxidants in skin cancer prevention and
treatment. Oxid. Med. Cell. Longev. 2014, 2014, 860479. [CrossRef] [PubMed]

Bickers, D.R.; Athar, M. Oxidative stress in the pathogenesis of skin disease. J. Investig. Dermatol. 2006, 126,
2565-2575. [CrossRef] [PubMed]

Chen, L.; Hu, J.Y,; Wang, S.Q. The role of antioxidants in photoprotection: A critical review. ]. Am.
Acad. Dermatol. 2012, 67, 1013-1024. [CrossRef] [PubMed]

Giampieri, F; Alvarez-Suarez, ].M.; Gasparrini, M.; Forbes-Hernandez, T.Y.; Afrin, S.; Bompadre, S.;
Rubini, C.; Zizzi, A.; Astolfi, P; Santos-Buelga, C.; et al. Strawberry consumption alleviates
doxorubicin-induced toxicity by suppressing oxidative stress. Food Chem. Toxicol. 2016, 94, 128-137.
[CrossRef] [PubMed]

Eto, H.; Tsuji, G.; Chiba, T.; Furue, M.; Hyodo, F. Non-invasive evaluation of atopic dermatitis based on
redox status using in vivo dynamic nuclear polarization magnetic resonance imaging. Free Radic. Biol. Med.
2016, 103, 209-215. [CrossRef] [PubMed]

Furue, M.; Takahara, M.; Nakahara, T.; Uchi, H. Role of AhR/ARNT system in skin homeostasis.
Arch. Dermatol. Res. 2014, 306, 769-779. [CrossRef] [PubMed]

Tsuji, G.; Takahara, M.; Uchi, H.; Takeuchi, S.; Mitoma, C.; Moroi, Y.; Furue, M. An environmental
contaminant, benzo(a)pyrene, induces oxidative stress-mediated interleukin-8 production in human
keratinocytes via the aryl hydrocarbon receptor signaling pathway. J. Dermatol. Sci. 2011, 62, 42—49.
[CrossRef] [PubMed]

Yasukawa, S.; Miyazaki, Y.; Yoshii, C.; Nakaya, M.; Ozaki, N.; Toda, S.; Kuroda, E.; Ishibashi, K.; Yasuda, T.;
Natsuaki, Y.; et al. An ITAM-Syk-CARD?9 signalling axis triggers contact hypersensitivity by stimulating
IL-1 production in dendritic cells. Nat. Commun. 2014, 5, 3755. [CrossRef] [PubMed]

Tsuji, G.; Takahara, M.; Uchi, H.; Matsuda, T.; Chiba, T.; Takeuchi, S.; Yasukawa, E.; Moroi, Y.; Furue, M.
Identification of ketoconazole as an AhR-Nrf2 activator in cultured human keratinocytes: The basis of its
anti-inflammatory effect. J. Investig. Dermatol. 2012, 132, 59-68. [CrossRef] [PubMed]

Gegotek, A.; Skrzydlewska, E. The role of transcription factor Nrf2 in skin cells metabolism.
Arch. Dermatol. Res. 2015, 307, 385-396. [CrossRef] [PubMed]

Takei, K.; Hashimoto-Hachiya, A.; Takahara, M.; Tsuji, G.; Nakahara, T.; Furue, M. Cynaropicrin attenuates
UVB-induced oxidative stress via the AhR-Nrf2-Nqo1 pathway. Toxicol. Lett. 2015, 234, 74-80. [CrossRef]
[PubMed]

Takei, K.; Mitoma, C.; Hashimoto-Hachiya, A.; Uchi, H.; Takahara, M.; Tsuji, G.; Kido-Nakahara, M.;
Nakahara, T.; Furue, M. Antioxidant soybean tar Glyteer rescues T-helper-mediated downregulation of
filaggrin expression via aryl hydrocarbon receptor. J. Dermatol. 2015, 42, 171-180. [CrossRef] [PubMed]
Doi, K.; Mitoma, C.; Nakahara, T.; Uchi, H.,; Hashimoto-Hachiya, A.; Takahara, M.; Tsuji, G.;
Nakahara, M.; Furue, M. Antioxidant Houttuynia. cordata extract upregulates filaggrin expression in an aryl
hydrocarbon-dependent manner. Fukuoka Igaku Zasshi 2014, 105, 205-213. [PubMed]


http://dx.doi.org/10.7314/APJCP.2014.15.2.561
http://www.ncbi.nlm.nih.gov/pubmed/24568458
http://dx.doi.org/10.1016/j.dsi.2016.07.001
http://dx.doi.org/10.1155/2016/2721469
http://www.ncbi.nlm.nih.gov/pubmed/27006746
http://www.ncbi.nlm.nih.gov/pubmed/26361510
http://dx.doi.org/10.1155/2015/893149
http://www.ncbi.nlm.nih.gov/pubmed/26583073
http://dx.doi.org/10.1111/jocd.12123
http://www.ncbi.nlm.nih.gov/pubmed/25582033
http://dx.doi.org/10.3390/antiox4020248
http://www.ncbi.nlm.nih.gov/pubmed/26783703
http://dx.doi.org/10.1155/2014/860479
http://www.ncbi.nlm.nih.gov/pubmed/24790705
http://dx.doi.org/10.1038/sj.jid.5700340
http://www.ncbi.nlm.nih.gov/pubmed/17108903
http://dx.doi.org/10.1016/j.jaad.2012.02.009
http://www.ncbi.nlm.nih.gov/pubmed/22406231
http://dx.doi.org/10.1016/j.fct.2016.06.003
http://www.ncbi.nlm.nih.gov/pubmed/27286747
http://dx.doi.org/10.1016/j.freeradbiomed.2016.12.043
http://www.ncbi.nlm.nih.gov/pubmed/28041828
http://dx.doi.org/10.1007/s00403-014-1481-7
http://www.ncbi.nlm.nih.gov/pubmed/24966027
http://dx.doi.org/10.1016/j.jdermsci.2010.10.017
http://www.ncbi.nlm.nih.gov/pubmed/21316925
http://dx.doi.org/10.1038/ncomms4755
http://www.ncbi.nlm.nih.gov/pubmed/24806599
http://dx.doi.org/10.1038/jid.2011.194
http://www.ncbi.nlm.nih.gov/pubmed/21753779
http://dx.doi.org/10.1007/s00403-015-1554-2
http://www.ncbi.nlm.nih.gov/pubmed/25708189
http://dx.doi.org/10.1016/j.toxlet.2015.02.007
http://www.ncbi.nlm.nih.gov/pubmed/25680693
http://dx.doi.org/10.1111/1346-8138.12717
http://www.ncbi.nlm.nih.gov/pubmed/25482884
http://www.ncbi.nlm.nih.gov/pubmed/25816564

Nutrients 2017, 9, 223 9of 11

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Nakahara, T.; Mitoma, C.; Hashimoto-Hachiya, A.; Takahara, M.; Tsuji, G.; Uchi, H.; Yan, X.; Hachisuka, J.;
Chiba, T.; Esaki, H.; et al. Antioxidant Opuntia. ficus-indica extract activates AHR-NRF2 signaling and
upregulates filaggrin and loricrin expression in human keratinocytes. |. Med. Food 2015, 18, 1143-1149.
[CrossRef] [PubMed]

Uchi, H.; Yasumatsu, M.; Morino-Koga, S.; Mitoma, C.; Furue, M. Inhibition of aryl hydrocarbon receptor
signaling and induction of NRF2-mediated antioxidant activity by cinnamaldehyde in human keratinocytes.
J. Dermatol. Sci. 2016. [CrossRef] [PubMed]

Furue, M.; Tsuji, G.; Mitoma, C.; Nakahara, T.; Chiba, T.; Morino-Koga, S.; Uchi, H. Gene regulation of
filaggrin and other skin barrier proteins via aryl hydrocarbon receptor. J. Dermatol. Sci. 2015, 80, 83-88.
[CrossRef] [PubMed]

Esser, C.; Bargen, I.; Weighardt, H.; Haarmann-Stemmann, T.; Krutmann, J. Functions of the aryl hydrocarbon
receptor in the skin. Semin. Immunopathol. 2013, 35, 677-691. [CrossRef] [PubMed]

Fritsche, E.; Schifer, C.; Calles, C.; Bernsmann, T.; Bernshausen, T.; Wurm, M.; Hiibenthal, U.; Cline, J.E.;
Hajimiragha, H.; Schroeder, P; et al. Lightening up the UV response by identification of the arylhydrocarbon
receptor as a cytoplasmatic target for ultraviolet B radiation. Proc. Natl. Acad. Sci. USA 2007, 104, 8851-8856.
[CrossRef] [PubMed]

Mohammadi-Bardbori, A.; Bengtsson, J.; Rannug, U.; Rannug, A.; Wincent, E. Quercetin, resveratrol, and
curcumin are indirect activators of the aryl hydrocarbon receptor (AHR). Chem. Res. Toxicol. 2012, 25,
1878-1884. [CrossRef] [PubMed]

Denison, M.S.; Soshilov, A.A.; He, G.; DeGroot, D.E.; Zhao, B. Exactly the same but different: Promiscuity
and diversity in the molecular mechanisms of action of the aryl hydrocarbon (dioxin) receptor. Toxicol. Sci.
2011, 124, 1-22. [CrossRef] [PubMed]

Ikuta, T.; Namiki, T.; Fujii-Kuriyama, Y.; Kawajiri, K. AhR protein trafficking and function in the skin.
Biochem. Pharmacol. 2009, 77, 588-596. [CrossRef] [PubMed]

Wincent, E.; Bengtsson, J.; Mohammadi Bardbori, A.; Alsberg, T.; Luecke, S.; Rannug, U.; Rannug, A.
Inhibition of cytochrome P4501-dependent clearance of the endogenous agonist FICZ as a mechanism for
activation of the aryl hydrocarbon receptor. Proc. Natl. Acad. Sci. USA 2012, 109, 4479-4484. [CrossRef]
[PubMed]

Mimura, J.; Fujii-Kuriyama, Y. Functional role of AhR in the expression of toxic effects by TCDD.
Biochim. Biophys. Acta 2003, 1619, 263-268. [CrossRef]

Haarmann-Stemmann, T.; Abel, J; Fritsche, E.; Krutmann, J. The AhR-Nrf2 pathway in keratinocytes: On the
road to chemoprevention? . Investig. Dermatol. 2012, 132, 7-9. [CrossRef] [PubMed]

Jaiswal, A.K. Nrf2 signaling in coordinated activation of antioxidant gene expression. Free Radic. Biol. Med.
2004, 36, 1199-1207. [CrossRef] [PubMed]

Niestroy, J.; Barbara, A.; Herbst, K.; Rode, S.; van Liempt, M.; Roos, P.H. Single and concerted effects of
benzo[a]pyrene and flavonoids on the AhR and Nrf2-pathway in the human colon carcinoma cell line Caco-2.
Toxicol. In Vitro 2011, 25, 671-683. [CrossRef] [PubMed]

Yeager, R.L.; Reisman, S.A.; Aleksunes, L.M.; Klaassen, C.D. Introducing the “TCDD-inducible AhR-Nrf2
gene battery”. Toxicol. Sci. 2009, 111, 238-246. [CrossRef] [PubMed]

Haas, K.; Weighardt, H.; Deenen, R.; Kohrer, K.; Clausen, B.; Zahner, S.; Boukamp, P; Bloch, W,;
Krutmann, J.; Esser, C. Aryl hydrocarbon receptor in keratinocytes is essential for murine skin barrier
integrity. J. Investig. Dermatol. 2016, 136, 2260-2269. [CrossRef] [PubMed]

Kypriotou, M.; Huber, M.; Hohl, D. The human epidermal differentiation complex: Cornified envelope
precursors, S100 proteins and the ‘fused genes’ family. Exp. Dermatol. 2012, 21, 643-649. [CrossRef]

Bohme, M.; Soderhill, C.; Kull, I.; Bergstrom, A.; van Hage, M.; Wahlgren, C.F. Filaggrin mutations increase
the risk for persistent dry skin and eczema independent of sensitization. J. Allerqy Clin. Immunol. 2012, 129,
1153-1155. [CrossRef] [PubMed]

Kawasaki, H.; Nagao, K.; Kubo, A.; Hata, T.; Shimizu, A.; Mizuno, H.; Yamada, T.; Amagai, M. Altered
stratum corneum barrier and enhanced percutaneous immune responses in filaggrin-null mice. J. Allergy
Clin. Immunol. 2012, 129, 1538-1546. [CrossRef] [PubMed]

Palmer, C.N.; Irvine, A.D.; Terron-Kwiatkowski, A.; Zhao, Y.; Liao, H.; Lee, S.P.; Goudie, D.R.; Sandilands, A.;
Campbell, L.E.; Smith, EJ.; et al. Common loss-of-function variants of the epidermal barrier protein filaggrin
are a major predisposing factor for atopic dermatitis. Nat. Genet. 2006, 38, 441-446. [CrossRef] [PubMed]


http://dx.doi.org/10.1089/jmf.2014.3396
http://www.ncbi.nlm.nih.gov/pubmed/26061570
http://dx.doi.org/10.1016/j.jdermsci.2016.10.003
http://www.ncbi.nlm.nih.gov/pubmed/27720465
http://dx.doi.org/10.1016/j.jdermsci.2015.07.011
http://www.ncbi.nlm.nih.gov/pubmed/26276439
http://dx.doi.org/10.1007/s00281-013-0394-4
http://www.ncbi.nlm.nih.gov/pubmed/23949496
http://dx.doi.org/10.1073/pnas.0701764104
http://www.ncbi.nlm.nih.gov/pubmed/17502624
http://dx.doi.org/10.1021/tx300169e
http://www.ncbi.nlm.nih.gov/pubmed/22867086
http://dx.doi.org/10.1093/toxsci/kfr218
http://www.ncbi.nlm.nih.gov/pubmed/21908767
http://dx.doi.org/10.1016/j.bcp.2008.10.003
http://www.ncbi.nlm.nih.gov/pubmed/18983832
http://dx.doi.org/10.1073/pnas.1118467109
http://www.ncbi.nlm.nih.gov/pubmed/22392998
http://dx.doi.org/10.1016/S0304-4165(02)00485-3
http://dx.doi.org/10.1038/jid.2011.359
http://www.ncbi.nlm.nih.gov/pubmed/22158605
http://dx.doi.org/10.1016/j.freeradbiomed.2004.02.074
http://www.ncbi.nlm.nih.gov/pubmed/15110384
http://dx.doi.org/10.1016/j.tiv.2011.01.008
http://www.ncbi.nlm.nih.gov/pubmed/21256954
http://dx.doi.org/10.1093/toxsci/kfp115
http://www.ncbi.nlm.nih.gov/pubmed/19474220
http://dx.doi.org/10.1016/j.jid.2016.06.627
http://www.ncbi.nlm.nih.gov/pubmed/27430407
http://dx.doi.org/10.1111/j.1600-0625.2012.01472.x
http://dx.doi.org/10.1016/j.jaci.2011.11.032
http://www.ncbi.nlm.nih.gov/pubmed/22360978
http://dx.doi.org/10.1016/j.jaci.2012.01.068
http://www.ncbi.nlm.nih.gov/pubmed/22409988
http://dx.doi.org/10.1038/ng1767
http://www.ncbi.nlm.nih.gov/pubmed/16550169

Nutrients 2017, 9, 223 10 of 11

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Kawachi, Y.; Xu, X.; Taguchi, S.; Sakurai, H.; Nakamura, Y.; Ishii, Y.; Fujisawa, Y.; Furuta, J.; Takahashi, T.;
Itoh, K; et al. Attenuation of UVB-induced sunburn reaction and oxidative DNA damage with no alterations
in UVB-induced skin carcinogenesis in Nrf2 gene-deficient mice. |. Investig. Dermatol. 2008, 128, 1773-1779.
[CrossRef] [PubMed]

Saw, C.L.; Yang, A.Y.; Huang, M.T; Liu, Y.; Lee, ].H.; Khor, T.O.; Su, Z.Y.; Shu, L.; Lu, Y.; Conney, A.H.; et al.
Nrf2 null enhances UVB-induced skin inflammation and extracellular matrix damages. Cell. Biosci. 2014, 4,
39. [CrossRef] [PubMed]

Kim, Y.R.; Oh, J.E,; Kim, M.S.; Kang, M.R; Park, SSW.; Han, ].Y.; Eom, H.S.; Yoo, N.J.; Lee, S.H. Oncogenic
NRF2 mutations in squamous cell carcinomas of oesophagus and skin. J. Pathol. 2010, 220, 446—451.
[CrossRef] [PubMed]

Choi, C.Y,; Kim, J.Y.; Wee, S.Y,; Lee, ].H.; Nam, D.H.; Kim, C.H.; Cho, M.K;; Lee, Y.J.; Nam, H.S.; Lee, S.H.;
et al. Expression of nuclear factor erythroid 2 protein in malignant cutaneous tumors. Arch. Plast. Surg. 2014,
41, 654-660. [CrossRef] [PubMed]

Schéfer, M.; Farwanah, H.; Willrodt, A.H.; Huebner, A.].; Sandhoff, K.; Roop, D.; Hohl, D.; Bloch, W,;
Werner, S. Nrf2 links epidermal barrier function with antioxidant defense. EMBO Mol. Med. 2012, 4, 364-379.
[CrossRef] [PubMed]

Schifer, M.; Willrodt, A.H.; Kurinna, S.; Link, A.S.; Farwanah, H.; Geusau, A.; Gruber, E; Sorg, O.;
Huebner, A.J.; Roop, D.R.; et al. Activation of Nrf2 in keratinocytes causes chloracne (MADISH)-like
skin disease in mice. EMBO Mol. Med. 2014, 6, 442-457. [CrossRef] [PubMed]

Rolfs, E; Huber, M.; Kuehne, A.; Kramer, S.; Haertel, E.; Muzumdar, S.; Wagner, J.; Tanner, Y.; Bohm, F;
Smola, S.; et al. Nrf2 Activation Promotes Keratinocyte Survival during Early Skin Carcinogenesis via
Metabolic Alterations. Cancer Res. 2015, 75, 4817—-4829. [CrossRef] [PubMed]

Wang, D.; Ma, Y,; Yang, X;; Xu, X,; Zhao, Y,; Zhu, Z.; Wang, X.; Deng, H.; Li, C,; Gao, E; et al.
Hypermethylation of the Keap1 gene inactivates its function, promotes Nrf2 nuclear accumulation, and is
involved in arsenite-induced human keratinocyte transformation. Free Radic. Biol. Med. 2015, 89, 209-219.
[CrossRef] [PubMed]

Dziato, M.; Mierziak, J.; Korzun, U.; Preisner, M.; Szopa, J.; Kulma, A. The potential of plant phenolics in
prevention and therapy of skin disorders. Int. J. Mol. Sci. 2016, 17, 160. [CrossRef] [PubMed]

Amakura, Y.; Tsutsumi, T.; Nakamura, M.; Kitagawa, H.; Fujino, J.; Sasaki, K.; Yoshida, T.; Toyoda, M.
Preliminary screening of the inhibitory effect of food extracts on activation of the aryl hydrocarbon receptor
induced by 2,3,7,8-tetrachlorodibenzo-p-dioxin. Biol. Pharm. Bull. 2002, 25, 272-274. [CrossRef] [PubMed]
Amakura, Y., Tsutsumi, T, Sasaki, K. Yoshida, T., Maitani, T. Screening of the inhibitory
effect of vegetable constituents on the aryl hydrocarbon receptor-mediated activity induced by
2,3,7,8-tetrachlorodibenzo-p-dioxin. Biol. Pharm. Bull. 2003, 26, 1754-1760. [CrossRef] [PubMed]

Amakura, Y,; Tsutsumi, T.; Sasaki, K.; Nakamura, M.; Yoshida, T.; Maitani, T. Influence of food polyphenols
on aryl hydrocarbon receptor-signaling pathway estimated by in vitro bioassay. Phytochemistry 2008, 69,
3117-3130. [CrossRef] [PubMed]

Van den Bogaard, E.H.; Bergboer, J.G.; Vonk-Bergers, M.; van Vlijmen-Willems, IL.M.; Hato, S.V,;
van der Valk, P.G.; Schroder, ].M.; Joosten, I.; Zeeuwen, P.L.; Schalkwijk, J. Coal tar induces AHR-dependent
skin barrier repair in atopic dermatitis. . Clin. Investig. 2013, 123, 917-927. [CrossRef] [PubMed]

Kohda, F.; Takahara, M.; Hachiya, A.; Takei, K.; Tsuji, G.; Yamamura, K.; Furue, M. Decrease of reactive
oxygen species and reciprocal increase of nitric oxide in human dermal endothelial cells by Bidens. pilosa
extract: A possible explanation of its beneficial effect on livedo vasculopathy. J. Dermatol. Sci. 2013, 72, 75-77.
[CrossRef] [PubMed]

Na, H.K.; Surh, Y.J. Modulation of Nrf2-mediated antioxidant and detoxifying enzyme induction by the
green tea polyphenol EGCG. Food Chem. Toxicol. 2008, 46, 1271-1278. [CrossRef] [PubMed]

Han, S.G.; Han, S.S.; Toborek, M.; Hennig, B. EGCG protects endothelial cells against PCB 126-induced
inflammation through inhibition of AhR and induction of Nrf2-regulated genes. Toxicol. Appl. Pharmacol.
2012, 261, 181-188. [CrossRef] [PubMed]

Mukai, R.; Shirai, Y.; Saito, N.; Fukuda, I.; Nishiumi, S.; Yoshida, K.; Ashida, H. Suppression mechanisms of
flavonoids on aryl hydrocarbon receptor-mediated signal transduction. Arch. Biochem. Biophys. 2010, 501,
134-141. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/sj.jid.5701245
http://www.ncbi.nlm.nih.gov/pubmed/18200051
http://dx.doi.org/10.1186/2045-3701-4-39
http://www.ncbi.nlm.nih.gov/pubmed/25228981
http://dx.doi.org/10.1002/path.2653
http://www.ncbi.nlm.nih.gov/pubmed/19967722
http://dx.doi.org/10.5999/aps.2014.41.6.654
http://www.ncbi.nlm.nih.gov/pubmed/25396176
http://dx.doi.org/10.1002/emmm.201200219
http://www.ncbi.nlm.nih.gov/pubmed/22383093
http://dx.doi.org/10.1002/emmm.201303281
http://www.ncbi.nlm.nih.gov/pubmed/24503019
http://dx.doi.org/10.1158/0008-5472.CAN-15-0614
http://www.ncbi.nlm.nih.gov/pubmed/26530903
http://dx.doi.org/10.1016/j.freeradbiomed.2015.07.153
http://www.ncbi.nlm.nih.gov/pubmed/26409248
http://dx.doi.org/10.3390/ijms17020160
http://www.ncbi.nlm.nih.gov/pubmed/26901191
http://dx.doi.org/10.1248/bpb.25.272
http://www.ncbi.nlm.nih.gov/pubmed/11853182
http://dx.doi.org/10.1248/bpb.26.1754
http://www.ncbi.nlm.nih.gov/pubmed/14646185
http://dx.doi.org/10.1016/j.phytochem.2007.07.022
http://www.ncbi.nlm.nih.gov/pubmed/17869316
http://dx.doi.org/10.1172/JCI65642
http://www.ncbi.nlm.nih.gov/pubmed/23348739
http://dx.doi.org/10.1016/j.jdermsci.2013.05.008
http://www.ncbi.nlm.nih.gov/pubmed/23819986
http://dx.doi.org/10.1016/j.fct.2007.10.006
http://www.ncbi.nlm.nih.gov/pubmed/18082923
http://dx.doi.org/10.1016/j.taap.2012.03.024
http://www.ncbi.nlm.nih.gov/pubmed/22521609
http://dx.doi.org/10.1016/j.abb.2010.05.002
http://www.ncbi.nlm.nih.gov/pubmed/20450880

Nutrients 2017, 9, 223 11 of 11

57.

58.

59.

60.

61.

62.

63.

64.

Zillich, O.V.; Schweiggert-Weisz, U.; Hasenkopf, K.; Eisner, P.; Kerscher, M. Release and in vitro skin
permeation of polyphenols from cosmetic emulsions. Inf. J. Cosmet. Sci. 2013, 35, 491-501. [CrossRef]
[PubMed]

Takei, K.; Mitoma, C.; Hashimoto-Hachiya, A.; Takahara, M.; Tsuji, G.; Nakahara, T.; Furue, M. Galactomyces
fermentation filtrate prevents T helper 2-mediated reduction of filaggrin in an aryl hydrocarbon
receptor-dependent manner. Clin. Exp. Dermatol. 2015, 40, 786-793. [CrossRef] [PubMed]

Netsch, M.L; Gutmann, H.; Schmidlin, C.B.; Aydogan, C.; Drewe, ]J. Induction of CYP1A by green tea extract
in human intestinal cell lines. Planta Med. 2006, 72, 514-520. [CrossRef] [PubMed]

Wu, Z.; Uchi, H.; Morino-Koga, S.; Shi, W.; Furue, M. Z-ligustilide ameliorated ultraviolet B-induced
oxidative stress and inflammatory cytokine production in human keratinocytes through upregulation of
Nrf2/HO-1 and suppression of NF-«B pathway. Exp. Dermatol. 2015, 24, 703-708. [CrossRef] [PubMed]
Wu, Z.; Uchi, H.; Morino-Koga, S.; Nakamura-Satomura, A.; Kita, K.; Shi, W.; Furue, M. Z-Ligustilide inhibits
benzo(a)pyrene-induced CYP1A1 upregulation in cultured human keratinocytes via ROS-dependent Nrf2
activation. Exp. Dermatol. 2014, 23, 260-265. [CrossRef] [PubMed]

Saw, C.L.; Guo, Y.; Yang, A.Y,; Paredes-Gonzalez, X.; Ramirez, C.; Pung, D.; Kong, A.N. The berry constituents
quercetin, kaempferol, and pterostilbene synergistically attenuate reactive oxygen species: Involvement of
the Nrf2-ARE signaling pathway. Food Chem. Toxicol. 2014, 72, 303-311. [CrossRef] [PubMed]

Tamaki, N.; Cristina Orihuela-Campos, R.; Inagaki, Y.; Fukui, M.; Nagata, T.; Ito, H.O. Resveratrol improves
oxidative stress and prevents the progression of periodontitis via the activation of the Sirtl/AMPK and the
Nrf2 /antioxidant defense pathways in a rat periodontitis model. Free Radic. Biol. Med. 2014, 75, 222-229.
[CrossRef] [PubMed]

Wu, Z.; Uchi, H.; Morino-Koga, S.; Shi, W.; Furue, M. Resveratrol inhibition of human keratinocyte
proliferation via SIRT1/ARNT/ERK dependent downregulation of aquaporin 3. |. Dermatol. Sci. 2014, 75,
16-23. [CrossRef] [PubMed]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1111/ics.12072
http://www.ncbi.nlm.nih.gov/pubmed/23763665
http://dx.doi.org/10.1111/ced.12635
http://www.ncbi.nlm.nih.gov/pubmed/25786502
http://dx.doi.org/10.1055/s-2006-931537
http://www.ncbi.nlm.nih.gov/pubmed/16773535
http://dx.doi.org/10.1111/exd.12758
http://www.ncbi.nlm.nih.gov/pubmed/25977183
http://dx.doi.org/10.1111/exd.12360
http://www.ncbi.nlm.nih.gov/pubmed/24588654
http://dx.doi.org/10.1016/j.fct.2014.07.038
http://www.ncbi.nlm.nih.gov/pubmed/25111660
http://dx.doi.org/10.1016/j.freeradbiomed.2014.07.034
http://www.ncbi.nlm.nih.gov/pubmed/25091897
http://dx.doi.org/10.1016/j.jdermsci.2014.03.004
http://www.ncbi.nlm.nih.gov/pubmed/24726500
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Aryl Hydrocarbon Receptor Regulating both Oxidative and Antioxidant Pathways 
	Nuclear Factor-Erythroid 2-Related Factor-2, a Master Transcription Factor for Inducing Antioxidant Enzymes 
	Phytogenic Antioxidants 
	NRF2 Agonist with AHR Agonistic Activity 
	Soybean Tar 
	Opuntia Ficus-Indica Extract 
	Houttuynia cordata Extract 
	Bidens pilosa Extract 
	Cynaropicrin 

	NRF2 Agonist with AHR Antagonistic Activity 
	Cinnamaldehyde 
	Epigallocatechin Gallate 

	NRF2 Agonist with CYP1A1 Inhibitor Activity 
	Z-Ligustilide 
	Quercetin, Kaempferol, and Pterostilbene 
	Resveratrol 


	Conclusions 

