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ABSTRACT

The aryl hydrocarbon receptor (AhR) is a transcription factor activated by the binding of low molecular weight
molecules that could be environmental chemicals, molecules of plant origin or endogenous compounds. AhR is
strongly expressed in tissue barriers, such as lungs, intestinal gut, and skin. It was identified as the key regulator
of certain xenobiotic metabolism enzymes. The signaling pathway regulated by AhR is thus considered an adaptive
response to these xenobiotics. More recently, several studies have highlighted the AhR involvement in inflammatory
processes, which can lead to the development of chronic inflammatory pathologies and skin cancers. Given the
growing importance of environmental pollution, AhR's involvement in xenobiotic metabolism and inflammation
gives it a crucial role in skin homeostasis. During this review, we will discuss about different AhR ligands families,
its activation/repression mechanisms, and its target genes. Subsequently, we will focus on interactions between
AhR and other signaling pathways and its involvement in inflammatory skin pathologies. Taken together, it strongly
suggests that AhR is an emerging suitable target to handle inflammatory skin diseases.
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Introduction

The Aryl Hydrocarbon Receptor (AhR) belongs to the superfamily
of basic-helix-loop-helix - Per- ARNT-Sim (bHLH-PAS)
transcription factors. These proteins are involved in the control
of various physiological processes such as organ development,
circadian rhythms, metabolism and in the response towards
hypoxia.

AhR activation is triggered by the binding of a wide range of low
molecular weight molecules including environmental chemicals
(like dioxins or polychlorinated biphenyls), molecules of plant
origin (flavonoids or indigo) or endogenous compounds, such
as oxidized tryptophan derivatives [1]. In humans, the gene
coding for AhR is located on chromosome 7 and its expression is
described in 232 tissues [2]. AhR is in particular highly expressed

in the barrier tissues including lungs, intestines, colon, and skin. In
the skin, several cell types of the epidermis and the dermis express
AhR at various levels, such as keratinocytes, Langerhans cells,
melanocytes, sebocytes and fibroblasts [3,4].

AhR has been identified as the key regulator of some enzymes
in the xenobiotic metabolism, in particular cytochromes P450
(belonging to the CYPI family), which are involved in the
bioactivation of various environmental pro-carcinogens, including
polycyclic aromatic hydrocarbons (PAHs) and arylamines. The
AhR signaling pathway has thus been considered as an "adaptive"
response to these xenobiotics [5] and therefore AhR was initially
described as an chemo-sensor to environmental pollutants [3,5].
More recently, several studies have also highlighted its role in the
regulation of several genes involved in the inflammation and the
immune response. [1,5,6] In addition, it has been shown that the
transcription of AhR target genes depends on the ligand nature, the
cells type and environment. In any case, it is clear that AhR links the
detection of specific chemical signatures to critical body functions
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[7,8]. AhR represents thus an interface between the environment
and the organism and it could be recognized as an attractive target
for the treatment of certain human diseases including cancers and
chronic inflammatory syndromes [5].

In this this review, we will first present the different families of
AR ligands. We will then discuss on AhR regulation and its main
target genes and functions, before examining its link with other
signalling pathways and epigenetic regulation. We will eventually
examine the effects of AhR activation by environmental xenobiotics
and more specifically the role that AhR plays in inflammation and
certain skin pathologies.

AhR ligands

There are three main routes of exposition to exogenous
compounds: digestive, pulmonary, and cutaneous. Increased
environmental pollution leads mainly to increased dermal and
pulmonary absorption of environmental pollutants. In addition, the
intensive use of pesticides in agriculture favours the absorption
of compounds via the digestive tract. The activation of AhR by
various xenobiotics present in our environment, like PAHs and
dioxins, has been widely described for 20 years. Evidence of
endogenous ligands has more recently emerged.

Polycyclic Aromatic Hydrocarbons

PAHs are mainly formed by pyrolysis (thermal decomposition)
and pyro-synthesis (recombination into new products) during the
incomplete combustion of organic materials, such as fossil fuels
or animal fats. Their sources are essentially anthropogenic, even
if natural combustion (forest fires, volcanoes....) can occasionally
lead to a large production of PAHs as shown in Table 1 [9]. PAHs
bind to AhR with an affinity ranging from nM to pM. For the
general population, the ways of exposure to PAHs are essentially
digestive or pulmonary. PAHs are produced with the pyrolysis of
fats, when cooking and ingested. Pulmonary exposure through
smoking and atmospheric pollution (diesel particles, microparticles
from combustion processes), is very important in particular in
urban and peri-industrial areas [10]. Cutaneous exposure to PAHs
is quantitatively less important, but not negligible, especially
because of their presence in car exhaust gases or cigarette smoke.

Table 1: Sources of polycyclic aromatic hydrocarbons production from
human activities.

Domestic sources
Heating (natural gas,

Industrial sources
Tyre manufacturing

Steel industry LPG, wood, coal...)

Cement works Smoking

Combustion engines Cooking of food
(barbecue, frying)

Petrochemical industries
Household and industrial waste incinerators
Aluminium production

Cars (exhaust fumes), trains...

Dioxins
Dioxins and "dioxin like compounds" (DLC) are compounds of

mainly anthropogenic origin, dioxins are generated by industrial
thermal processes,suchwastedismantling, metalsmeltingprocesses,
and waste incineration.(11) Dioxins include polychlorinated
dibenzo-para-dioxins (PCDDs) and polybrominated dibenzo-para-
dioxins (PBDDs). DLC are structurally and chemically related
to dioxins and include polychlorinated dibenzofurans (PCDFs)
and planar polychlorinated biphenyls, known as dioxin-like
PCBs. These molecules are Persistent Organic Pollutants (POPs)
which have a very high persistence in the environment and a
very high lipophilicity associated to a poor degradation leading
to their accumulation all along the food chain, which is called
"biomagnification" [11]. The general population is thus mostly
exposed through its diet, but cutaneous exposition also occurs
notably in urban and industrial sites. Dioxins and DLC have a
strong affinity for AhR, ranging from nM to pM [12].

Natural Ligands

AhR also possesses naturally occurring agonist ligands, mainly
provided by the diet. Among the high affinity natural ligands
described, the indolo-(3,2b)-carbazole (ICZ), results from the
degradation in the digestive tract of the indole 3-carbinol (I3C),
which is found in plants belonging in particular to the Brassicaceae
family (formerly known as Cruciferae) and include vegetables
such as cabbage, horseradish or turnip [13].

However, these naturally occurring ligands also include AhR
antagonists. For example, resveratrol (3,5,4' trihydroxystilbene)
and Kaempferol [14,15].

In the skin, the absorption of such molecules is rare. However,
it can occur through cosmetic products since many of these
substances have antioxidant properties. For example resveratrol
is able to inhibit the nuclear factor-kappa B (NF-«B) pathway
in keratinocytes, but also by degrading the Keapl protein which
leads to an accumulation of NRF2 in the nucleus and protects the
cell against oxidative stress [16].

Endogenous Ligands

Although AhR was initially referred as an orphan receptor, it has
now been clearly demonstrated that AhR can also modulate cell
proliferation in the absence of any xenobiotic or natural exogenous
ligand [17]. Indeed, endogenous ligands have been recently
described, such as bilirubin or biliverdin [18], but also the oxidized
derivatives of tryptophan, which can be released notably during
exposure to UV-B radiation [19].

6-formylindolo[3,2-b]carbazole (FICZ), produced during the
oxidation of tryptophan by ultraviolet rays and therefore produced
naturally in the skin and also by several yeasts from the skin
microbiota [20] such as Malassezia furfur [21].

AhR Regulation and Functions

The bHLH-PAS proteins, of which AhR belongs, are latent
cytoplasmic transcription factors that migrate into the nucleus
upon their activation.
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Activation Mechanisms

In the absence of any ligand, AhR is maintained inactive in the
cytosol, associated in a complex formed by a dimer of the heat
shock proteins Hsp90, the XAP2 protein and the co-chaperone
protein P23 [5,22]. The composition of this complex is still subject
to debate; some studies highlight the presence of one or more
other components, but without any real evidence. This complex
mask AhR DNA binding domain, while keeping the receptor in a
conformation accessible to its ligands [23].

AhR ligands penetrate the cell membrane by passive diffusion,
certainly due to their hydrophobic properties [22]. When a ligand
binds AhR (Figure 1), the conformation of the complex is then
modified, exposing one or more nuclear localization sequences,
which are activated by phosphorylation via the P38-MAPK
pathway kinases, presumably ERK1 and ERK2 [24]. The complex
then translocates into the nucleus, where AhR dimerizes with
its nuclear partner Ah receptor nuclear translocator (Arnt). The
heterodimerization of AhR with Arnt also leads to the dissociation
of the Hsp90, p23 and XAP2 proteins, facilitating AhR/ARNT
interaction and the complex [ligand - AhR - ARNT] conversion
into a high affinity DNA binding form [25].

Figure 1: Schematic representation of the AhR activation mechanism:
(1) the ligand penetrates the cell by passive diffusion and binds to the
complexed AhR binding site (2) modification of the conformation of the
AhR inactivation complex, exposure of the nuclear transfer sequence (3)
phosphorylation of the AhR nuclear transfer sequence, carried out by a
kinase (4) translocation of the [AhR-ligand] complex into the nucleus
(5) dimerisation of AhR with Arnt, dissociation of the AhR inactivation
complex (6) binding of the [ligand-AhR-Arnt] complex to the DNA at the
XRESs and transcription of the target genes.

The [Ligand - AhR - ARNT] complex can thus activate the
expression of a wide variety of genes containing in their promotors
a xenobiotic response element (XRE) sequence, also known as a
Dioxin Response Element (DRE). Binding of the [Ligand - AhR -
ARNT] complex at the XREs leads to DNA bending, recruitment
of co-activators, chromatin and nucleosome disruption, increased
the promotor accessibility to general transcription factors and
therefore increased levels of gene transcription [19,26]. This

mechanism is considerated as the AhR canonical signaling [27,28].
Although the vast majority of toxic effects caused by environmental
ligands of AhR are regulated by this canonical AhR-Arnt signaling,
several studies have identified a number of AhR target genes that
do not contain obvious XRE sites [29,30]. This indicates the
existence of non-canonical AhR signaling, which may consist
of AhR interacting with other signaling pathways without the
intervention of Arnt.

For example, studies have shown that AhR can associate with the
retinoblastoma protein (pRB) hypo-phosphorylated form, resulting
in growth arrest in the GL/S phase of the cell cycle [31,32]. NF-«3
is another example of a protein that can interact directly with AhR
in the ARNT absence; indeed, AhR can associate with the NF-kB
factor subunit, RelB, and bind directly to a promoter located in the
interleukin-8 gene regulatory region [33]. AhR can interact with
a number of signaling pathways, such as retinoid and estrogen
receptor or NRF-2, some of which will be presented elsewhere, in
both an Arnt-dependent and Arnt-independent manner. However,
there is evidence for AhR action via epigenetic mechanisms, such
as the methylation. In eukaryotes, methylation of a gene promotor
leads to its repression, and inversely for demethylation. The DNA
methylation process is catalyzed by DNA methyltransferases
(DNMTs) [34] on CpG sites and is strongly influenced by
environmental factors, such as smoking, which increases genes
methylation levels. Alterations of DNA methylation is involved
in the development of several pathologies, including autoimmune
diseases and cancers [34], such as Systemic Lupus Erythematosus
(SLE). It is an auto-immune disease characterized by uncontrolled
lymphocyte autoreactivity that triggers inflammation and tissue
damage in many parts of the body. DNA hypomethylation take an
important place in this pathology [35]. AhR activation following
UV exposure activates the deacetylase SIRT1, which in turn
repress the acetylated DNA-methyltransferase DNMT1 and thus
to a hypomethylation in T CD4+ lymphocytes from SLE patients
[35]. This also links AhR to histone acetylation, another epigenetic
mechanism.

Target Genes and Functions

The AhR protein presence in a wide variety of tissues suggests that
its biological and toxic effects result from differential alterations in
gene expression in susceptible cells depending on their subtypes
[3]. The ligand nature and the AhR activation duration also
determine the level and spectrum of the genes which are induced.
These two parameters are thus essential in the AhR activation
outcome, including toxic effects [3].

Several studies, using DNA chips, have revealed a large number of
genes that are induced or repressed in an AhR-dependent manner,
directly or indirectly [22,36]. XRE sequence-scale analysis has
identified a large set of genes, involved in physiological functions
and detoxification of environmental pollutants that may respond to
AhR. Although many AhR-sensitive genes have been discovered,
their number is certainly still underestimated. All the genes
mentioned below are summarized in Table 2.
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Self-regulation

Several studies show that AhR expression increases following its
activation by environmental pollutants [37]. This "self-induction"
is certainly an adaptative mechanism to better respond to the
presence of exogenous ligands by increasing its own synthesis.

The AhR repressor (AhRR) is also an AhR target gene. Contrary to
AhR, AhRR can bind AhR ligands, but cannot bind the DNA due
to the absence of the PAS B domain in its N-terminal region [40]. It
will therefore compete with AhR both for the ligands and the ARNT
binding site and form a transcriptionally inactive complex [64],
which stops the transcription of AhR target genes. Several studies
show that AhRR expression is induced by the action of a multitude
of AhR agonists [65]. Although few studies have investigated
the timing of AhRR activation, it is likely that the AhRR gene
is transcribed after the others to switch off the signal and avoid
its persistence. AhRR plays an important role in AhR repression
mechanisms [65], and would thus participate in a mechanism of
self-regulation loop which maintains the physiological balance.

Metabolism of Xenobiotics

AR plays a key role in the organism defense towards xenobiotics
by regulating the numerous genes expression of phases I and II of
metabolism. Phase I enzymes regulated by AhR include numerous
CYPs, such as CYP1A1, CYP1A2 and CYPIBI1 [42,44], which
metabolize xenobiotics into inactive or active metabolites. Among
the phase II enzymes regulated by AhR, UGT family members
[46] are responsible of glucuronidation pathway that transforms
small lipophilic molecules into water-soluble and so excretable
metabolites. AhR also regulates Glutathione S-transferase
A1/2 (GSTA-1/2) expression, which is involved in electrophile
compounds detoxification and the ATP-binding cassette super-
family G member 2 (ABCG-2). ABCG-2 is a cellular efflux
transporter involved notably in multidrug resistance and is also
called BCRP (breast cancer resistance protein) [47,48].

Even if the primary function of theses enzymes is to detoxified
xenobiotic molecule to protect the organism, several of them
can also have pathological effects in certain conditions. These

pathological effects might result from the ability of some AhR
agonists (TCDD and DLC) to persistently activate/repress
the expression of key AhR-sensitive genes. For example, the
metabolic conversion of procarcinogens into genotoxic reactive
intermediates can lead to tumors development [66].

Inflammation and Immunity

Cytokines are produced by a broad range of cells, including
immune cells, endothelial cells or keratinocytes, in response to an
activating signal [67]. They act through cell surface receptors and
have a key role in the immune system, specifically in host immune
responses to infection, inflammation, or trauma and cancers. AhR
can modulate expression of a large panel of cytokines, including
interleukins (ILs), tumor necrosis factors (TNF) or chemokines
(CCL, CXCL) and interferons (IFN) in various cells and organs
[49]. Most cytokines regulated by AhR are pro-inflammatory
cytokines (IL-1B, TNF-a), but some have anti-inflammatory
properties like the tumor growth factor B (TGF-B) and IL-10 [49].

Basically, immunity is regulated by a specialized subset of T
lymphocytes called regulatory T cells (Tregs) [68]. T s regulate the
proliferation of other lymphocyte populations after an immune
response and inappropriate responses against non-harmful unself
and self. Dysregulation of T, can cause excessive inflammation,
allergy, or autoimmunity. The differentiation and function of T
are mainly controlled by the transcription factor Foxp3 [69] and
mutations in this gene have been linked to immune deregulation

and autoimmune syndromes [70,71].

A study using phylogenetic fingerprinting showed that Foxp3 has
an AhR-specific XRE site located in its promotor regions [72].
Therefore, AhR activation could directly play an important role
in the regulation of Foxp3 expression. In addition, another study
show the implication of TGF-p in the differentiation of T  [73].
TGF-B being an AhR target gene, it is thus probable that AhR
activation induces TGF-pB expression, which in turn increases T..
differentiation.

S

T helper 17 cells (Th17) are a specialized subset of T lymphocytes

Table 2: Target genes of AhR with their functions and localization in human organism.

AhR Target Genes Functions Localization References
AhR Transcription factor Liver, lung, skin, intestinal tract [37]
AhRR Self-Repression Liver, lung, skin, intestinal tract [38-41]
CYP1A1/CYP 1B1/CYPIA2 Phase I enzymes, xenobiotics metabolism Liver, lung, kidney, brain, intestinal tract [42-44]
UGT Phase II enzymes, xenobiotics metabolism Liver, kidney, digestive tract [45,46]
GSTA 1/2 Phase Il enzymes, xenobiotics metabolism Liver, kidney [47]
ABCG-2 Phase II enzymes, xenobiotics metabolism Intestinal tract, liver, kidney, mammary glands | [48]
. Inflammation and immune response .
gr,ltf{l_?’ﬂ;i Sl: OI,LI-Ii-ﬁl’ZI,LI-I%-, II% -?I:-I;Z- Elc.hemotz}xi's, cell activation an(ll) {\;Ir?;l(l)g?;i?, Sl cels Uz [49-54]
ifferentiation...)
Chemokines: CCL1, CCL2, CCL5, |Inflammation and immune response ..
CXCL1, CXCL3, CXCL4, CXCLS5, | (chemotaxis, cell activation an(rl) iv[acrﬁphages’ dendritic cells, T & B [343_’49’50’
CXCLS (IL-8), CXCL12, CXCL13 | differentiation...) ymphocytes 34-37]
Other cytokines: TNF-a, BAFF, Inﬂammat'ion el in.lmu.ne response Macrophages, dendritic cells, T & B [49,50,58-
INF-Y, TGF-B (c.hemota})ﬂ.s, cell activation and Jymphocytes 63]
differentiation...)
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that are involved in the control of extracellular pathogens and play
an important role in the activation of inflammation. Dysregulation
of these cells could trigger autoimmunity [74,75]. Since the early
2000s, several studies seemed to indicate that AhR promotes
Th17 cell differentiation [76,77]. Indeed, it was shown, that AhR
activation by FICZ, an AhR high affinity ligand, in CD4+ T murine
and human cells, causes an increase of the Th17 proportion and an
significant augmentation of IL-17 and IL-22 production [78]. In
addition, another study demonstrated that a combination of TGF-8
and IL-6 or IL-21, whose expressions are regulated by AhR,
seems to be able to induce Th17 cell differentiation [79]. Several
other studies indicate that AhR seems to regulate T CD4" cells
differentiation into T, or Th17, depending on the ligand which
activates it [6,76].

Repression Mechanisms

As explained previously, AhRR induced by AhR itself will inhibit
the heterodimerization of AhR with ARNT, the [AhRR-ARNT]
complex being transcriptionally inactive [40,64] which is a first
mechanism of retro-control.

AhR-dependent genes transcription generally ends with the
dissociation of the [Ligand - AhR - ARNT] complex from XREs
and the export of AhR from the nucleus into the cytosol, mediated
by a N-terminal nuclear export sequence. Once in the cytoplasm,
AhR is ubiquitinated and degraded by the 26S proteasome. The
proteasome is itself activated following the transcription of target
genes by AhR, suggesting a second mechanism of retro-control.
The AhR protein degradation by the proteasome leads to a
significant decrease in AhR-dependent proteins [80,81].

A last mechanism of AhR repression would be the metabolism
of its ligands. AhR ligands present in the cells can be degraded
by CYPI family enzymes [39]. Indeed, It has been shown that
CYP1 family enzymes inhibition leads to a preservation of the
concentration of extracellular ligands and prolongs the activity of
AhR, in particular in keratinocytes [82].

AhR Interaction with other Signaling Pathways

AhR ability to interact with and modulate other signaling pathways
following its activation is well known [83,84]. A large majority of
the toxic effects induced by "environmental" AhR ligands probably
results from a complex interaction with several signaling pathways
and key regulatory factors; therefore, these effects involve a
combination of direct and indirect AhR-dependent mechanisms
[22,85,86]. In this section, we will not present all the signalling
pathways with which AhR interacts, but only those most relevant
to skin inflammation.

NF-xB

The NF-kB transcription factor is involved in several mechanisms
of the immune response, including inflammation. NF-kB is a
heterodimer formed by Rel and p50 proteins. In the cytosol,
inactive NF«B is bound to its inhibitor, IkB which prevents NF-kB
nuclear translocation [87,88]. Various cell signals, such as cellular
stress or inflammation, can activate the enzyme 1kB Kinase (IKK)

which phosphorylates kB leading to its ubiquitination and its
degradation. NF-kB is then released and able to translocate into
the nucleus [87]. It binds to a specific sequence, the Response
Elements (RE), present in the promotor of certain genes, like B
lymphocyte-induced maturation protein-1 (BLIMP-1) [89] or
Interferon-Y' (INF-Y') [90], and initiates their transcription.

It had been shown that mutation in the NFkB DNA binding sites
or blocking NFkB activation inhibit AhR activation following
exposure to phorbol 12-myristate 13-acetate (PMA), in the CACO-
2 tumoral epithelial cells [5]. Several in vitro studies suggest that
pro-inflammatory conditions induce AhR expression via NFkB.
PAHs, such as benzo(a)pyrene activate AhR, which induces the
expression of CYP1A1 and CYP1B1. Both enzymes will transform
or metabolize PAHs into diol-epoxides, such as benzo(a)pyrene
diol-epoxide, resulting in NFkB activation [5,91]. The activation
of NF«B promotes an inflammatory loop via IL-1f3 expression and
induces in turn AhR expression suggesting a potentiating effect.

AhR can also be found dimerized with several NFkB sub-units,
in particular RelA [5,92] and RelB [5] leading to distinct effects.
Indeed, the consequence of RelA/AhR interaction appears to be
mainly antagonistic, with, for example, the downregulation of the
expression of several genes such as CYP1A1 or IL-6 [92]. On the
other hand, AhR/RelB interaction improves CYP1A1 activity and
the transcription of several target genes of NFkB, such as IL-8
[91,93]. To explain these opposite effects it was hypothesized
that AhR promotes the function of RelB both to trigger chronic
inflammation and then to resolve inflammation via a negative
feedback mechanism [94,95]. To the contrary, AhR may antagonize
RelA action to moderate cellular inflammation after stimulation by
potent inflammation inducing agents (LPS). This hypothesis could
explain antagonist effects between RelA and AhR and synergetic
effects between RelB and AhR [91].

PPAR-a

Peroxisome proliferator-activated receptor alpha (PPAR-a) is
a transcription factor expressed by several tissues including
adipose tissue, liver, and colon. It is a major regulator of lipid and
carbohydrate metabolisms. PPAR-a is activated under conditions
of energy deprivation and is necessary for ketogenesis, a key
adaptive response to prolonged fasting in adipose tissues and liver.
In addition, PPAR-a is also expressed in several immune cells, like
macrophages and is involved in the anti-inflammatory response [96].

PPAR-a binds DNA on PPAR Response Elements (PPRE) promotor
sites. Analysis of human AhR promotor revealed one PPRE site
and that PPAR regulates its own expression by increasing AhR
expression [97]. This PPRE seems to play an important role in
AhR expression, as its mutation led to the suppression of AhR
activation by PPAR-o agonist. PPAR-a could also regulate the
expression of CYP1A1; indeed, two PPRE sites were identified
at the CYP1Al promotor [98]. This explains the observed
potentiation of CYP1A1 activity with a co-exposure to an AhR
agonist and a PPAR-a agonist in Caco?2 cells [99], demonstrating
the interaction between AhR and PPAR-a signaling pathway.
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NRF2

The ubiquitary transcription factor nuclear factor (erythroid-
derived 2-like 2 (NRF2) is a main switch for inducing antioxidant
enzymes, like NAD(P)H dehydrogenase [quinone] 1 (NQO1) or
electrophilic species detoxification enzymes, such as glutathione
S-transferases. NRF2 forms an inactive complex with Kelch-like
ECH-associated protein 1 (KEAP1) and Cullin 3 (CUL3). The
cell oxidative state, i-e an imbalance between the production of
free radicals and the antioxidant response, leads to the oxidation
of the cysteine residues in the KEAP1 molecule, modifying its
conformation and causing the dissociation of NRF2 from the
complex [100,101]. Once free and activated, NRF2 enters into the
nucleus and triggers the transcription of anti-oxidant genes.

Some studies have shown that AhR activation by certain types of
ligands, such as flavonoids or azoles can initiate the activation of
NRF2 signaling pathway, and thus participate to the antioxidant
responses without initial production of ROS [101-103]. On the
other hand, oxidative stress, caused by AhR agonists, like dioxines
or PAHs, also leads to NRF-2 activation in response to AhR.

NFR2 agonists can also influence AhR signaling pathway, but with
different effects. They can be differentiated into three categories.
The first category consists of NRF2 agonists with AhR-agonist
activity, like cynaropicrin, soybean tar glyteer or Opuntia ficus-
india. They inhibit the ROS production caused by BaP, TCDD
and TNF-q, by increasing the expression of NQO1 [103-105]. The
second group is composed of NRF2 agonists with AhR-antagonist
activity, like cinnamaldehyde or epigallocatechin gallate. They
inhibit the AhR action and increase the heme oxygenase 1
(HO-1) expression [101]. For example, it has been showed that
cinnamaldehyde, besides upregulating HO-1 expression via the
regulation of NRF2 translocation, downregulates the oxidative
stress caused by HAPs and reduced the AhR nuclear translocation
in human keratinocytes [106]. The third group comprises NRF2
agonists with an indirect agonist effect on AhR signaling pathway,
like Z-Ligustilide, quercetin, kaempferol or resveratrol. They act
by inhibiting CYP1A1 activity. An activation of NRF2/HO-1
pathway leads to the inhibition of both NF-kB pathway and
CYP1A1 expression [101,107,108]. By decreasing the expression
of CYPIAI, they inhibit the degradation of endogenous AhR
ligand such as FICZ, which leads to AhR activation.

AhR and Skin Diseases

The skin performs several functions including body protection
(skin barrier), thermoregulation and sensitivity [109]. The skin is
indeed the body first line of defense against aggressions such as
pathogens, toxins, radiation and harmful pollutants.

For many years, the involvement of AhR in chloracne has been
demonstrated and well documented. More recently, the role
of AhR in several skin diseases, such as certain skin cancers or
autoimmune disorders, has emerged.

Chloracne

Acneiform lesions and cysts were first described in 1899 and called
"chloracne" by the dermatologist Karl Herxheimer. Chloracne is
the most likely toxic phenomenon occurring after acute or chronic
exposure to high doses of dioxins [110]. Its gravity being correlated
to the blood level of dioxin [111]. This pathology is characterized
by a interfollicular epidermis hyperkeratinization and a sebaceous
glands metaplastic response [112,113]. A hyperproliferation and
hyper-keratinization of the hair follicle cells are observed and a
sebocytes progressive loss with narrowing of the sebaceous glands
and infundibular dilatation, possibly leading to the formation of
blackheads [114,115]. These cell alterations coincide with the
pathological characteristics of chloracne [110,113].

As mentioned previously, chloracne lesions are caused by exposure
to dioxins, but also furans [110,116]. In addition, it is known that
AhR is abundantly expressed in keratinocytes and sebocytes
[114,117]. Upon activation of AhR by dioxin, sebocytes first
start to loose keratin 7 and epithelial membrane antigen (MUC1)
expressions and their ability to produce sebum by lipogenesis.
Then, they progressively convert into a keratinocyte phenotype,
expressing keratin 10 and PPARS [117]. A study conducted on a
man who was exposed to a very high dose of TCDD (more than 5
million times the daily dose) for 5 years showed that certain AhR
target genes, including those coding for CYP1A1, 1B1 and 1A2,
were overexpressed in skin lesions [118]. Several genes coding for
the main enzymes of sebaceous lipid synthesis, containing XREs
in their promotors, have also been strongly repressed: ELOVL3,
AWAT1, ALOX15B, FADS2, SOAT1 [118]. The transcriptional
repression of lipid metabolism, induced by dioxins, may be the
mechanism leading to the sebaceous glands atrophy. This would
also be consistent with the previously reported negative effect of
AhR signaling in adipogenesis [18].

AhR and Skin Cancers

It has been clearly established that skin chronic exposure to factors
such as UV radiation, airborne pollutants (tobacco smoke, diesel
particles...) leads to damaged macromolecules accumulation and
the loss of cell and tissue integrity. Occupational diseases, has been
observed, for example in workers handling creosote (tar used as
a wood preservative biocide) or farmers using pesticides without
Personal Protection Equipment [119]. Over time, this exposure
can facilitate the aging process and the development of malignant
tumors that are partly related to aging [120]. These elements
clearly indicate an important role for AhR in the development of
environmentally-induced cancers have been reviewed [121-123].

Bioactivated Molecules

AhR and downstream cytochromes P450 (CYPs) have been shown
to be essential for PAHs and associated environmental pollutants
bioactivation in skin carcinogenesis. PAHs are bioactivated into
electrophilic metabolites by CYP1 enzymes. However, some
generated epoxides cannot be detoxified by epoxide hydrolases.
They can further bind to DNA and cause alterations leading to
cancer [10,124]. In addition, reactions induced by CYPs may
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cause a higher production of ROS, resulting in additional oxidative
damages to DNA and other macromolecules [124,125].

Currently, it is widely accepted that dermal exposure to
environmental PAHs or PAH-containing formulations may result
in squamous cell carcinomas. Concerning cosmetic products, the
use of PAHs in formulation has been forbidden by the European
Parliament since 2009, but some treatments for skin diseases
could still contain members of this family. For example, the
Goeckerman regimen for the treatment of severe psoriasis consists
of'a combination of UV-B exposure and topical application of coal
tar, a substance containing various PAHs [126].

Squamous Cell Carcinomas (SCC)

Skin squamous cell carcinoma (SCC), also known as spin-cell
carcinoma, is the second most common skin cancer after basal
cell carcinoma (BCC). In the United States, for example, it is
estimated that 50 000 new cases of SCC occur each year [127].
This type of skin cancer develops from keratinocytes composing
the spinous layer of the epidermis. SCC can affect all body parts,
including the oral and genital mucosa, but are most common on
areas of skin exposed to the sun, such as the face, ears, lower lip,
bald scalp, neck, back of hands, arms and legs. Often, these areas
of skin show signs of sun damage, such as wrinkles, brown spots
or loss of elasticity [128,129]. Indeed, exposure to ultraviolet B
rays (UV-B) is the main risk factor for SCC. During exposition
to solar radiation, UV-B rays penetrate the epidermis and are
absorbed by the keratinocyte chromophores, mainly by the DNA
and can alter the skin integrity [129,130]. The resulting DNA
photoproducts, in particular pyrimidine dimers (the formation of
covalent bonds between the two DNA strands), such as cyclobutan
pyrimidine dimers (CPD) and pyrimidine (6-4) pyrimidine, are
highly mutagenic and play a critical role in the development of
SCC [129,131]. In addition to UV-B, exposure to environmental,
occupational and/or lifestyle chemicals, particularly PAHs,
may contribute to the genesis of this type of cancer [132]. The
development of SCC is a multi-step process, involving DNA
damage, failure of appropriate cell rescue (DNA repair) or cell
death (apoptosis) responses, suppression of anti-tumor immune
responses and clonal expansion of malignant cells [133]. Unlike
BCC, it can invade other parts of the body (metastasis) [127].

There is strong evidence that AhR-dependent processes contribute
to UV-B-induced photo-carcinogenesis in three different ways
(Figure 2).

In epidermal keratinocytes, an induction of the xenobiotics
metabolism enzymes expression, in particular CYP1Al and
CYPIBI is observed [134-136]. CYP1 can bioactivate PAHs
into mutagenic electrophile metabolites, and induces some pro-
inflammatory chemokines like CXCL5 and associated chemotactic
factors [134,137]. Induction of CYP1 isoforms results in rapid
metabolism of FICZ, [138], which would probably attenuate the
AhR signaling when the UV-B irradiation ends and minimizes
the negative effects of AhR activation. Moreover, in cases where

exposure to UV-B radiation would be too intense, activation of
CYP1 may also lead to the formation of ROS and to associated
oxidative damage of macromolecules [86,139].
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Figure 2: Schematic representation of Spin Cells Carcinoma development
mechanisms: (1) AhR activation by the agonist FICZ leads to (2) the
transcription of CYP1 isoforms, causing the activation of pro-carcinogen
molecules and ROS, chemokines and chemotactic factors productions, (3)
the induction of MMPs, via a MAPK kinases and EGF receptor signaling
pathways activation, causing a proliferation increase, cell migration
and invasion of tumor cells and (4) the inhibition of p27kipl by forced
proteolysis , leading to the repression of nucleotide excision repair (NER)
and apoptosis. These three mechanisms contribute to the development to
spin cell carcinoma.

: Squamous Cell .
Carcinoma

In addition, UV-B absorption by tryptophan leads to the formation
of FICZ and associated photoproducts, which bind to AhR and
activate certain downstream signaling pathways. Among them,
MAPK kinases, EGF receptor, ERK1 and ERK2, [134,140]
activation results in the induction of the metalloproteases, involving
in modification of extra cell matrix, that contribute to cancer
progression by promoting processes such as cell proliferation,
migration and invasion of tumor cells [141].

These two cascades of events are part of the inflammatory process
and remain inseparable from each other, but the development
of tumors also result of inhibition of cell defense mechanisms.
Depending on the extent of DNA damage, the keratinocytes can
initiate nucleotide excision repair (NER), a mechanism common
to many mammalian species. I[f DNA damage is too severe or NER
fails, they can alternatively trigger apoptosis, to maintain tissue
integrity and avoid mutagenesis [142,143]. Failure (or blockage)
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of these early defense mechanisms may result in accumulation of
damaged cells, and further facilitate proliferation, resistance to
apoptosis, and altered host immune responses [133,135,143].

AhR activation can also induce forced proteolysis of p27KIPI.
p27KIP1 is a cell cycle inhibitor that can lead cell proliferation
arrest and critically contributes to the repression of the two cellular
defense mechanisms above. Its proteolysis is associated with the
proliferation of "damaged" keratinocytes and carcinogenesis
[144,145]. Indeed, several studies show that AhR inhibits both the
elimination of CPDs by NER and the induction of apoptosis in
UV-B irradiated epidermal keratinocytes [135,144,146]. A study in
hairless SKH-1 mice confirmed AhR role in p27KIP1 degradation:
AhR inhibition stabilized p27KIP1 protein levels in damaged
keratinocytes, increased their apoptosis and reduced UV-B-
induced SCC formation by about 50%. Taken together, these data
strongly suggest that AhR contributes to the development of SCC.

Basal cell carcinoma

Basal cell carcinoma (BCC) is the most common skin cancer
observed in humans (nearly 70% of skin cancers), but the less
aggressive contrary to melanoma. For example, there are almost 3
million new cases in USA each year [127]. This cancer starts in the
basal cell layer, which is the deepest part of the epidermis. These
tumors are only locally malignant and do not metastasize, neither
in the draining lymph nodes, nor at a distance in another tissue. If
left untreated for a long time, they can eventually develop deep
down and invade the tissue under the skin, a muscle, a bone or
even the organ under the skin lesion [147].

The Sonic Hedgehog (SHh) signaling pathway is one of the
most fundamental signal transduction pathways in embryonic
development. In the skin, the SHh pathway is crucial for
maintaining stem cell population, and for regulating hair follicle
and sebaceous gland development. Alterations of this pathway are
involved in the development of basal cell carcinoma [120,148].
A potential interaction between AhR and SHh has been reported
in the literature. The indirubin, an AhR ligand produced by the
skin yeast microbiota Malassezia furfur, down-regulates glycogen
synthase kinase 3 (GSK3) [149], belonging to SHh pathway [150-
152]. It is not clear though, if GSK3 repression by indirubin causes
an up- or a downregulation of SHh signaling pathway, a crosstalk
with AhR signaling pathway is demonstrated, suggesting that AhR
may play a key role in the alteration of SHh pathway and thus in
BCC pathogenesis.

Other studies have preliminarily established that the exposure
to fine particles with a diameter less than 2.5 um (PM2.5)
such as AhR ligands PAHs, correlates with the initiation of the
epithelial-mesenchymal transition (EMT). EMT is a pathological
process that corresponds to the conversion of epithelial cells to
the mesenchymal phenotype, which confers to epithelial cells
enhanced capacities for migration, invasion, and extracellular
matrix production. These characteristics thus link EMT to the
pathogenesis of tissular fibrosis and cancer progression [153].

PM2.5 particles, and their derived species, such as ROS, seem to
be involved as potential mediators of EMT and would be linked
to the activation of different signaling pathways such as TGF-f/
SMADs, NF-kB, ERK, phosphatidylinositol 3-kinase (PI3K) or
Wnt/B-catenin [153,154]. AhR crosstalks with these signaling
pathways could suggest that AhR plays a role in EMT initiation;
however, the mechanisms involved are not yet known or defined.

These data indicate that, although several information emerged
regarding the involvement of AhR in the pathogenesis of BCC,
further works are thus needed to clarify its role in this disease.

AhR and Autoimmunity

Psoriasis

Psoriasis vulgaris is an inflammatory autoimmune disease affecting
the skin. Psoriasis results from interactions between environmental
factors and several genetic factors (this pathology is frequently
observed in family groups) [155]. It affects nearly 2% of the
world population [156]. Innate and adaptative immune systems
disturbances are involved in the pathogenesis of this disease,
causing aberrant cellular infiltrates, inflammatory mediators
production and hyper-keratinization (epidermis thickening)
[156,157]. The lesions are potentially distributed all over the body:
arms, legs, torso, scalp, back....

The comparison of lesional and non-lesional skin samples from
biopsies of psoriasis patients shows that psoriasis-related genes
are regulated differently [158]. Following AhR activation by an
agonist (FICZ), 41 AhR-regulated genes, are over-expressed in
lesional skin, but not in non-lesional samples (Table 3). Conversely,
nearly 70% of them were suppressed after AhR inhibition by an
antagonist [158]. This inhibition was more pronounced in lesional
skin samples.

Psoriatic lesions contain high amounts of pro-inflammatory
cytokines such as interleukin 17 (IL-17), IL-21 and IL-22,
produced by Th17 cells, leading to the classification of psoriasis
as a Thl7-regulated disease [156-158]. As discussed previously,
AhR ability to modulate Th17 differentiation and activation has
been confirmed, suggesting an important role in the pathogenesis
of this disease [159-161]. It is also known that cytokine IL-23,
produced by dermal dendritic cells, is involved in the expansion
and the differentiation of Th17 cells [162,163]. Synergistic effects
between AhR and IL-23 in the production of Thl7 cytokines,
which will act on the keratinocytes in the pathology of psoriasis,
appears coherent and probable [78,159] (Figure 3).

IL-22 acts as a major regulator of psoriasis, [ 164,165] its expression
being massively increased in psoriatic lesions [166]. Several
studies show that IL-22 treatment on keratinocytes culture in vitro
induces changes similar to psoriasis lesions such as acanthosis,
loss of granular layer and a compact cornified layer [167,168]. In
addition, certain genetic polymorphisms in IL-22 gene significantly
increase the likelihood of developing psoriasis [158,164,169]. 1L-
22 induces the production of other pro-inflammatory molecules,
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such as CXCLS8 (IL-8) [170], but also keratin 17 (K17) [171].
K17 is a protein, non-commonly expressed in epidermis under
physiological conditions, but strongly induced in psoriatic lesions
[172]. K17 is an important regulator of keratinocytes hyper-
proliferation in psoriasis [173,174]. It also modulates keratinocytes
immunocompetent activity by increasing the production of
pro-inflammatory cytokines, such as CXCL1 and CCL20, and
antimicrobial peptides (AMPs) [172,175]. Psoriatic lesions highly
express indeed AMPs such as cathelicidin or S100 proteins [176].
AMPs participate to the skin immunity, enabling epithelial surface
to defend against a large spectrum of microbial exposure. AMPs
modify host inflammatory responses by acting as chemokines or by
inducing pro-inflammatory cytokines production and modulating
the responses of dendritic cells or T cells of the adaptive immune
response [177]. SI00A7 in particular has a chemotactic activity for
neutrophils and CD4+ T lymphocytes [178].

Dermal
dendritic
cells

AMPs
(51047)

Figure 3: Schematic representation of Psoriasis Vulagaris development
mechanisms: inflammatory dermal DCs (1) produce IL-23 causing (2)
Th17 cells activation and differentiation, probably via a synergetic effect
with AhR. (3) Th17 cells produce IL-17 and IL-22 which increase (4)
keratinocytes proliferation and chemokines production such as CXCLI
or CXCLS8. (5) In addition, I1-22 induces K17 expression which also

contributes to the keratinocytes proliferation and the production of
inflammatory molecules like CCL20 or antimicrobial peptides (AMPs).

Keratinocytes exposition to IL-17 increases their proliferation and
induces the production of inflammatory molecules, which in turn
increases skin immune responses. Indeed the chemokines have
the ability to feedback on immune cells, therefore chronic T cell
activation will persist. They attract more T cells and other immune
effector cells, on the site of inflammation, which will produce
themselves more chemokines, thus maintaining an inflammatory
loop [179,180].

Taken together, these data suggest that AhR play an important role
in the pathogenesis of Psoriasis and may constitute an essential
element in the treatment of this disease. Some studies have been
carried out on the use of ahr agonists in the treatment of this
condition [181].

Atopic Dermatitis

Atopic dermatitis (AD) is a chronic inflammatory autoimmune
skin disease, that can trigger other types of atopic diseases
[182], including bronchial asthma, allergic rhinitis and allergic
conjunctivitis [183]. AD develops preferentially in infants and
children, but can persist and sometimes appears in adolescents
and adults. The pathogenesis involves abnormal epidermal
differentiation and aberrant immune responses from skin-induced
lymphoid tissue [184]. Genetic polymorphisms are involved in
the pathogenesis. For example, genetic mutations in fillagrin, a
major epidermal differentiation molecule, have been observed in
a significant proportion of AD patients [182,185]. In addition to
genetic factors, environmental factors and immune adaptations to
these factors can contribute significantly to the onset of AD, as
well as the severity and progression of the disease [183,186].

Several evidence show a role for AhR in the pathogenesis of atopic
dermatitis. Skin tissue analysis has shown a significant increase in
both AhR and ARNT expressions, in the keratinocytes of patients
suffering of AD. In addition, a study using an "Ova-patched"
mouse model showed that percutaneous sensitization, a key step
in the development of AD, by BaP (AhR high affinity agonist)
causes increased migration of Langerhans cells to the lymph nodes
and increased proliferation of Th2 and Th17 [182]. Conversely,
the proliferation of Th2 and Th17 cells is significantly reduced in
"AhR-deficient" mice [189]. These data therefore strongly suggest
that AhR is involved in the immune response deregulation at the
origin of the development of AD.

AhR also appears to be involved in the treatment of this disease
since the coal tar, an emollient considered as the “classic” treatment
of AD is an agonist of AhR. It has been shown in an 3D-skin model
that use of coal tar, by activating AhR, leads to the induction of
epidermal differentiation and repair of skin barrier functions
[182,187]. Coal tar reduces the cutaneous inflammatory processes
of psoriasis and atopic dermatitis without the genotoxicity
associated with this family of molecules [182]. In addition, an
interaction between coal tar and the signaling of Th2 cytokines
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via STAT6 dephosphorylation has been demonstrated [187]. This
interaction is probably due to the activation of the NRF2 [182,187],
a major switch in the induction of antioxidant enzymes, which
is strongly expressed in keratinocytes. As discussed previously,
synergistic interactions between AhR and NRF2 have been shown
[105,188,189]. It seems that AhR is therefore involved in both the
development and treatment of AD.

In a 2015 review, Thomas Haarmann-Stemmann, Charlotte Esser
and Jean Krutmann noted this paradox and hypothesized that the
effects of skin exposure to environmental pollutants differ from
those of inflammatory skin, as is the case for AD or psoriasis
vulgaris [27]. The latter case thus seems to be characterized by
a high presence of AhR non-canonical signaling molecules,
which causes an imbalance in this signaling, thus tilting towards
pro-inflammatory target genes. The authors also indicate that
administration of one or more strong AhR agonists would restore
canonical signaling [27], which would explain the role of AhR in
the treatment of these diseases.

Conclusion

Discovered 40 years ago, AhR was first considered as a new class
of proteins, an orphan receptor acting as a transcription factor and
regulating the toxicity of environmental chemicals. Indeed, this
transcription factor was identified as the key regulator of certain
xenobiotic metabolism enzymes, notably the cytochrome P450s
belonging to the CYP1 family. The regulation of the expression of
xenobiotic metabolism enzymes is thus the best-known function
of AhR and seems to represent an "adaptive" protective response
against harmful pollutants. Several genetic studies suggest a
strong involvement of AhR in endogenous functions, independent
of xenobiotic metabolism. The metabolic function of AhR in the
response to environmental toxins could thus have been acquired
late in evolution.

Recent years have seen a significant increase in the understanding of
AhR mechanisms network. However, in finding the answers to the
questions that have arisen, new questions have emerged, including
its various endogenous functions. Indeed, some researchers who
have carried out studies on AhR have hypothesized that the
activation of AhR by exogenous compounds is merely a disruption
of normal AhR function. This needs to be demonstrated, and for
this reason further studies are required to deepen our knowledge
on AhR. Traditionally considered as a critical intermediate in
the toxic and carcinogenic response to dioxins, PAHs and other
environmental pollutants, AhR is thus proving to be an important
regulator of cell physiology and organ homeostasis.

Moreover, for about ten years now, several studies have
highlighted AhR involvement in the regulation of genes related
to inflammation and immune responses. Indeed, AhR seems to
regulate the expression of several pro- and anti-inflammatory
cytokines but above all it plays a crucial role in the differentiation
and activation of Th17 cells, considered as the driving cells of the
inflammatory process.

AhR therefore represents a bridge between the environment and the
human body; consequently, it constitutes an innovative therapeutic
target for a certain number of inflammatory pathologies. Several
research teams have shown that this transcription factor plays
a central role in many autoimmune diseases affecting the skin
(atopic dermatitis, psoriasis) but not only: atherosclerosis, Crohn’s
disease... In addition, AhR involvement in various several skin
cancers such as squamous and basal cell carcinomas but not
only (lung cancers) is known even if mechanisms are not fully
identified, at least proven. Therapeutic potential of AhR agonists
or antagonists has also been demonstrated.

Nevertheless, the gaps in knowledge about the extent of its
functions and the context-specific effects (organ, ligand) call
for caution in the use of AhR agonists or antagonists because of
potential side effects. This can be explained on the one hand by
the potential occurrence of side effects due to the large number
of signaling pathways with which AhR interacts. On the other
hand, the development of an active ingredient combining a good
efficiency and a necessary selectivity minimizing side effects
to modulate a target remains complex even for protein families
better studied than AhR. Furthermore, the fact that AhR has not
been crystallized to date constitutes a major gap in the study of
AhR/ligand interactions and thus in the development of an active
ingredient to modulate its activity.

However, the last two decades saw a strong increase of strokes,
heart diseases, lung cancers, chronic and acute respiratory diseases
or skin disorders caused by environmental pollution. In the coming
years, considering the involvement of AhR in skin but also lung
pathologies in response to xenobiotics, it can therefore be expected
that the number of studies on AhR will continue to speed up,
allowing the elucidation of many of its mechanisms and thus a better
understanding of its functions. An increase in the search for active
ingredients specifically targeting AhR or modulating its activity is
also to be expected in the context of the prevention or treatment
of several inflammatory pathologies. This growing interest for
AhR is even beyond therapeutic potential and reaches the field of
cosmetics in their quest of anti-pollutant new products. Indeed,
there is a modulation of the effects of active principle, which can
be relatively marked depending on the type of formulation such as
a nano or microemulsion and nano lipid matrix. In addition, certain
types of formulations used for medical treatments, have the capacity
to act on a specific target. This selectivity could be adapted to a
cosmetic use to act on the AhR and thus constitute an innovative
alternative in the prevention of pollution induced skin damages.
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